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ABSTRACT
A c o r r e la t io n  betw een th e  Zimm-Bragg h e l i x - c o i l  t r a n s i t io n  
param eters a and s determ ined  fo r  n in e  amino a c id s  by th e  " g u e st-  
h o st"  tech n iq u e  o f  von D reek, Poland and Scheraga has been found. 
T his c o r r e la t io n  can be ex p ressed  e m p ir ic a l ly  as i n  = 8 .6  £n s -
7 .6 ,  which h o ld s  over  the e n t ir e  range o f  s found e x p e r im e n ta lly  
betw een 0 .6  and 1 .3 5 .  On th e  b a s is  o f  m a tr ix  m ethods used to  
compute h e l i x - c o i l  t r a n s i t io n  c u r v e s , th e  c o r r e la t io n  in  p art  
may be ex p la in e d  as a r i s in g  from end e f f e c t s  caused  by " f lo p ­
p in e ss"  in  th e  ends o f  h e l i c a l  seq u e n c e s . M atrix  methods were 
in ad eq u ate  in  rep rod u cin g  th e  ex p er im en ta l c o r r e la t io n  betw een  
a and s in  th e range o f  s betw een 1 .0 5  and 1 .3 5 .  The p o s s ib le  
im portance o f  n ea r-ra n g e  in t e r a c t io n s  in  ex p la n in g  th e  c o r r e la t io n  
betw een a and s are a ls o  d is c u s s e d .
The i n t r i n s i c  v i s c o s i t i e s  in  w ater and ca lc iu m  c h lo r id e  
and th e sed im e n ta tio n  c o e f f i c i e n t s  in  w ater fo r  p o ly  (y -h ydroxy-L -  
p r o lin e )  have been s tu d ie d  as a fu n c t io n  o f  m o lecu la r  w e ig h t .
The m o lecu la r  w eig h t range covered  was 9 ,0 0 0  - 3 5 ,0 0 0 . High 
m o lecu la r  w eig h t p o ly  (Y -h y d ro x y -L -p ro lin e ) in  w ater has th e  
hydrodynamic b eh a v io r  o f  a random c o i l  immersed in  a good s o lv e n t ,
as judged from th e  s lo p e s  o f  th e p lo t s  lo g  [ h ]v s . lo g  M,
1 /3  - 2 /3
lo g  s v s .  lo g  M, and th e s i z e  o f  8 (= N s [n] nM (1 -  °  o o o o
vp) * ) .  Here Nq , s q , [q] , qQ, M, v, and p are A vogadro's number, 
se d im e n ta tio n  c o e f f i c i e n t ,  i n t r i n s i c  v i s c o s i t y ,  s o lv e n t  v i s c o s i t y ,
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
m olecu lar  w e ig h t , p a r t ia l  s p e c i f i c  volum e, and s o lv e n t  d e n s it y ,
2 2r e s p e c t iv e ly .  The c h a r a c t e r i s t ic  r a t i o ,  k r >  /  n 1 ) _ , i so p  p
found to  be 1 5 .9  ± 1 . 6 ,  w hich i s  n ot s i g n i f i c a n t l y  d i f f e r e n t  from
th e r e s u l t s  o f  1 3 .7  ± 0 . 9  o b ta in ed  fo r  p o ly  (L -p r o lin e )  by M a ttice
2
and M andelkern under th e  same c o n d it io n s .  H e re< r > i s  th e  unper-o
turbed m ean-square e n d -to -en d  d is ta n c e  o f  th e  polymer c h a in , n^ 
i s  the number o f  p e p t id e  bonds in  th e  polym er, and 1 i s  the  
d is ta n c e  betw een a d ja c e n t« carbon atom s. The l im it in g  tem perature  
c o e f f i c i e n t  fo r  p o ly  (y ^ h y d ro x y -L -p r o lin e ), o b ta in ed  as th e  
in te r c e p t  o f  d in [q] /  dT v s .  1/M, i s  -0 .0 0 5  deg \  which i s  
s im ila r  to  th a t found fo r  p o ly  (L -p r o lin e )  o f  -0 .0 0 0 8  deg  
In t h is  r e s p e c t  p o ly  (L -p r o lin e )  and p o ly  (y -h y d r o x y -L -p r o lin e )  
are r e m in isc e n t  o f  v a r io u s  d e r iv a t iv e s  o f  c e l l u l o s e .
The c h a r a c t e r i s t i c  r a t i o s ,  tem perature c o e f f i c i e n t s ,  as 
w e ll  as th e e f f e c t  o f  ca lc iu m  c h lo r id e  on th e hydrodynamic 
c h a r a c t e r i s t ic s  o f  p o ly  (y -h y d r o x y -L -p r o lin e ) and p o ly  (L -p r o lin e )  
su g g est  th a t  both  p o ly p e p tid e s  p o s se s s  a s im ila r  so u rce  o f  
f l e x i b i l i t y .  Two p o s s i b i l i t i e s  fo r  t h i s  f l e x i b i l i t y  are a second  
energy minimum about th e  « carbon— carb on yl carbon bond or c i s -  
tra n s is o m e r iz a t io n  about th e p ep tid e  bond.
C onform ational en ergy  maps based on r ig id  p y r r o l id in e  r in g s  
have been computed fo r  th e  in te r n a l  d ip e p t id e  u n it  in  p o ly  (y -  
h y d ro x y -L -p ro lin e ) c o n ta in in g  p lanar tra n s  p e p tid e  bonds. The 
co n fo rm a tio n a l en ergy  maps were computed as a fu n c t io n  o f  r in g  
p u ck erin g  a t  th e  y carbon atom and o f  r o ta t io n  about th e  hydroxyl 
group. The co n fo rm a tio n a l energy maps e x h ib i t  one low -en ergy  r e g io n
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a t 41 = 325° -  40° (u s in g  th e  co n v en tio n  in  w hich <t>,ip = 0° , 0° fo r  
th e  f u l l y  ex ten d ed  c h a in ) . The c a lc u la t io n s  support th e  p rev io u s  
s u g g e s t io n s  th a t  a s tr o n g  hydrogen bond betw een th e  hydroxyl 
proton  and th e  carb o n y l oxygen can occu r i f  th e  p y r r o lid in e  r in g  
i s  s u f f i c i e n t l y  puckered a t  th e  Y carbon atom, X 2 “ ” * 3  > *
and  ̂i s  near 290 0 . The c h a r a c t e r i s t ic  r a t io s  computed from th e s e  
maps are  a l l  h ig h er  than  th e  r e s u l t  o b ta in ed  e x p e r im e n ta lly  fo r  
p o ly  (Y -h y d r o x y -L -p r o lin e ) .
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CHAPTER I  GENERAL INTRODUCTION
P r o te in s  com p rise  th e  s t r u c t u r a l  b u i ld in g  b lo c k s  as w e l l  as most 
o f  th e  fu n c t io n a l m achinery o f  l i v i n g  o rg a n ism s. They cannot c la im  
th e  c e n tr a l  p o s i t io n  h e ld  by th e  n u c le ic  a c id s  as th e  c a r r ie r s  o f  
h e r e d ity ,  y e t  c e r t a in  p r o te in s  a re  r e s p o n s ib le  fo r  th e  c o n tr o l o f  
e x p r e s s io n  o f  h e r e d ita r y  in fo rm a tio n  from i t s  f i r s t  t r a n s c r ip t io n  
from th e  gene t o  i t s  f i n a l  t r a n s la t io n  in t o  new p o ly p e p tid e  c h a in s .  
Hundreds o f  p r o te in s  h ave b een  i d e n t i f i e d  in  th e  ca teg o ry  o f  enzym es, 
c a ta ly z in g  a m yriad o f  com plex b io c h e m ic a l r e a c t io n s .  Others a re  
r e s p o n s ib le  fo r  th e  b a s ic  s t r u c t u r a l  framework o f  l i v i n g  organ ism s.
In h ig h e r  an im als th e s e  s t r u c t u r a l  p r o te in s  in c lu d e  c o l la g e n  o f  b o n e s ,  
c a r t i l a g e ,  and ten d o n s; k e r a t in  o f  h a ir  and n a i l s ; e l a s t i n  o f b lo o d  
v e s s e l s  and lig a m e n ts;  and m yosin o f m u sc le .
I t  i s  now g e n e r a lly  a cce p te d  th a t  th e  m ajor p o r t io n  o f  the  
th r e e -d im e n s io n a l a r c h i te c t u r e  o f  a p r o te in  must remain in t a c t  fo r  
b i o l o g i c a l  a c t i v i t y .  In r ib o n u c le a s e ,  fo r  exam ple, amino a c id  r e s id u e s  
from both  ends o f  th e  p o ly p e p tid e  ch a in  must b e  in  c lo s e  p ro x im ity  
fo r  enzym atic a c t i v i t y  to  e x i s t .  A lso  m ost enzymes have been  found  
to  have a c l e f t  or c a v i t y  b elow  t h e i r  s u r f a c e .  The d im ensions and 
environm ent o f  t h is  c a v i ty  must b e  r i g id ly  c o n t r o l le d  fo r  th e  s p e c i f i c  
c a t a ly t i c  a c t i v i t y  o f  th e  enzyme to rem ain. O ther p r o te in s  l i k e  
c o l la g e n  and k e r a t in  r e q u ir e  a s p e c i f i c  h e l i c a l  con form ation  to  g iv e  
them th e ir  s tr e n g th  and r i g i d i t y  demanded by t h e ir  s t r u c t u r a l  fu n c t io n .  
I t  sh ou ld  be r e a so n a b le  to  assum e, th e r e fo r e ,  th a t  an in v e s t ig a t io n
1
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in to  th e  co n fo rm a tio n a l p r o p e r t ie s  o f  p r o te in s  and m odel p o ly p e p tid e s  
sh ou ld  le a d  to  a b e t t e r  u n d ersta n d in g  o f th e  fu n c t io n  o f  p r o t e in s .
B efo re  an e a r n e s t  a ttem p t cou ld  b e  made in  d e s c r ib in g  th e  co n fo r­
m ations o f la r g e  p o ly p e p t id e s  found in  n a tu r e , an e x t e n s iv e  s tu d y  
on th e  c r y s t a l  s t r u c tu r e  o f  amino a c id s  and s m a ll  p o ly p e p t id e s  had 
to  b e  con d u cted . Such an e x t e n s iv e  s tu d y  was c a r r ie d  o u t  by P a u lin g  
and Corey and t h e ir  c o l la b o r a to r s  and le d  to  th e  d e te r m in a tio n  o f  
th e  fundam ental d im en sion s o f  th e  p e p t id e  u n i t .  A veraged r e s u l t s  (1 ) 
b ased  on a d d it io n a l  more r e c e n t  d ata  a re  shown in  F ig u r e  1 . The 
amide group i t s e l f ,  in c lu d in g  th e  C-N bond and th e  s u b s t i t u e n t  
oxygen , amino hydrogen and “-c a r b o n  a to m s, i s  found to  b e  p la n a r  
w ith in  ex p er im en ta l e r r o r .  N orm ally th e  “-ca rb o n  atoms l i e  in  th e  
t r a n s - con form ation  about th e  p e p t id e  l in k a g e .  T his i s  th e  s t e r i c a l l y  
favored  con form ation  s in c e  i t  a llo w s  th e  g r e a t e s t  s e p a r a t io n  fo r  
c o n s e c u t iv e  “-ca rb o n  atom s. The d i s t i n c t i o n  does n o t  a p p ly , hcw ever, 
in  the ca se  o f  p r o l in e  or h y d r o x y p r o lin e . In  f a c t ,  a polym er o f  
p r o lin e  has been  found w ith  c i s - p e p t id e  bonds ( p o ly - L - p r o l in e ,  Form 
I (2) ) .
In the s t r u c tu r e  shewn in  F ig u r e  1 , th r e e  r o t a t io n a l  a n g le s , <f>, 
and u (3 ) are  d e p ic te d .  T h ese a n g le s ,  a lo n g  w ith  s im i la r  a n g le s  fo r  
the o th er  p e p t id e  r e s id u e s ,  d eterm in e th e  s p a t i a l  c o n f ig u r a t io n  o f  
th e p e p t id e  c h a in . The zero  p o s i t io n  in  and to corresp on d  to
the p o ly p e p tid e  ch a in  in  i t s  p la n a r , t r a n s , f u l l y  ex ten d ed  co n fo r ­
m ation as shown in  th e  f ig u r e .  A p o s i t i v e  r o t a t io n  fo r  th e s e  
a n g le s  i s  d e f in e d  a s  c lo c k w ise  when v iew ed  down th e  ch a in  from th e  
amino to  c a rb o x y l term inus (3 ) .













































There a re  a c t u a l ly  two co n v en tio n s  in  common u se  in  l i t e r a t u r e  
tod ay . The co n v en tio n  used throughout th is  d i s s e r t a t io n  i s  th e  
one s e t  up by a subcom m ission o f  th e  IUPAC-IUB Commission on B io­
ch em ica l N om enclature in  1966 ( 3 ) .  In  1969 (4 ) the com m ission  
m od ified  th e  p ro p o sa ls  o f  1966 to  b r in g  them in t o  l i n e  w ith  th e  
system  o f  nom enclature cu rre n t in  th e  f i e l d s  o f  o rg a n ic  and polym er 
ch em istry . The new d e s ig n a t io n  o f  r o t a t io n a l  a n g le s  may b e  d er iv ed  
from the o ld  by s u b s tr a c t in g  180° from th e  l a t t e r .  B ecau se o f  the  
la r g e  volume o f l i t e r a t u r e  p u b lish e d  under th e  1966 co n v en tio n  and 
b eca u se  o f  th e  in v e s t ig a t o r s  g r e a te r  f a m i l ia r i t y  w ith  t h is  co n v en tio n  
the o ld e r  co n v en tio n  was p r e fe r r e d .
N orm ally , r o ta t io n  about th e  p e p tid e  bond , d en oted  by u>, i s  o f  
s u f f i c i e n t l y  h ig h  energy th a t  i t  i s  u s u a lly  n o t c o n s id e r e d . U n less  
o th e r w ise  s t a t e d  th e  v a lu e  o f  to w i l l  b e  z e r o , th e  t r a n s - con form ation  
fo r  th e  p e p t id e  u n it .
One o f  th e  e a s i e s t  co n fo rm a tio n a l s tr u c tu r e s  to in v is io n  fo r  a 
p o ly p e p tid e  i s  a h e l i x .  In a h e l i x  a s e t  o f  <p, ip r o t a t io n a l  a n g les  
p rop agates down th e p o ly p e p tid e  ch a in  ca u sin g  a r e g u la r  s p ir a le d  
con fo rm a tio n . T his s e t  o f  <j>j a n g le s  can  b e  per p e p t id e  r e s id u e  
or per some in t e g r a l  number o f  p e p tid e  r e s id u e s .  Once th is  s e t  o f  4> 
and tp 's  a r e  f ix e d ,  th e  number o f  r e s id u e s  p er turn (n) and th e  
a vera g e  d is ta n c e  tr a v e r se d  down th e  h e l i c a l  a x is  per r e s id u e  (d) 
a r e  a ls o  d e f in e d . A q u a n ity  p c a l le d  th e  p it c h  i s  g iv en  by th e  
product o f  n and d. Every h e l i x  can b e  s p e c i f i e d  by th e se  param eters
The im portance o f  v a r io u s  h e l i c a l  con form ation s fo r  p o ly ­
p ep tid e s  was r ec o g n ized  a s  e a r ly  as th e  194 0 ’s  ( 5 , 6 ) .  By 1951 the
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f i r s t  s u c c e s s f u l  p ro p o sa l o f  a p o ly p e p tid e  h e l i x  was p resen ted  by 
P a u lin g , Corey and Branson ( 7 ) .  They proposed fo r  L-amino a c id s  a 
r ig h t-h a n d ed  h e l i x  w hich had 3 .7  r e s id u e s  per tu rn . The term  r ig h t -  
handed r e f e r s  to  th e  p o ly p e p t id e  backbone s p ir a l in g  in  a c lo c k w ise  
d ir e c t io n  a s  v iew ed  down th e  h e l i c a l  a x i s .  T h e ir  h e l i x  a ls o  had a 
hydrogen bonding p a tte r n  as d e p ic te d  by th e  dashed  l i n e  in  F ig u re  2 .  
They c a l le d  t h e ir  s t r u c t u r e  th e  now w e l l  r ec o g n ized  “- h e l i x .
When the s t r u c tu r e  o f  n y o g lo b in  was l a t e r  determ ined  by Kendrew 
and h is  co-w orkers (8 ) u s in g  X -ray d i f f r a c t i o n ,  a la r g e  f r a c t io n  o f  
the m o lec u le  was found to  b e  in  th is  “- h e l i c a l  con fo rm a tio n . S in c e  
th a t  tim e many polyam ino a c id s  have been  found to  b e  in  th e  “- h e l i x  
in  the s o l i d  s t a t e .
The h e l i c a l  con form ation  i s  a l s o  fr e q u e n tly  r e ta in e d  in  non­
in t e r a c t in g  s o lv e n t s ,  such a s  d im ethylform am ide, ch loro form , 
t r i f lu o r o e t h a n o l ,  and hexam ethylphosphoam ide. T h is  has been shewn 
by low a n g le  X -ray s c a t t e r in g  ( 9 ) ,  d ip o le  moment ( 1 0 -1 2 ) ,  UV ( 1 3 ) ,
IR (1 4 -1 6 ) and Raman sp e c tr o sc a p y  (1 7 - 1 9 ) ,  as w e l l  as hydrodynamic 
(2 0 -2 2 ) and o p t ic a l  r o ta to r y  (2 3 -2 5 ) s t u d i e s .  Both r igh t-h an d ed  
and le ft -h a n d e d  “- h e l i c e s  w ere found e x p e r im e n ta lly . The s e n se  
o f th e  h e l i x  depends on th e  n a tu re  o f  th e  amino a c id  r e s id u e s  in  
th e p o ly p e p tid e  ch a in . For exam ple, homopolymers o f  L -a la n in e ,  
L - ly s in e ,  L - ty r o s in e ,  6 -p r o p y l-L -a s p a r ta te , y -b e n z y l-L -g lu ta m a te ,  
y -m e th y l-L -g lu ta r a a te , e -b e n z y lo x y c a r b o n y l-L - ly s in e , L -g lu ta m ic  
a c id ,  and N5(4 -h y d r o x y b u ty l-L -g lu ta m in e) in  n o n in te r a c t in g  s o lv e n t s  
a t t a in  a r ig h t-h a n d ed  h e l i c a l  co n fo rm a tio n . Polym ers o f  6 -m eth y l,
Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
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6 -b e n z y l, 8 - ( o - c h lo r o b e n z y l ) - , and 8 -(m -c h lo r o b e n z y l) -L -a sp a r ta te  
on th e  o th er  hand form a le f t -h a n d e d  h e l i x  ( 2 3 - 3 1 ) .
W hile th e  “- h e l i x  i s  an im portant s t r u c t u r a l  fe a tu r e  o f  p o ly ­
p ep tid e  sy ste m s, i t  i s  by no means th e  o n ly  o n e . The enzyme 
lysozym e, fo r  exam ple, c o n ta in s  must l e s s  “- h e l i x  than does m yoglob in , 
bu t i t  a ls o  c o n ta in s  a s e c t io n  o f  B -p le a te d  s h e e t  ( 3 2 ,3 3 ) .  The 8- 
p le a te d  s h e e t  i s  an exten d ed  p o ly p e p tid e  ch a in  w ith  lo n g  range as 
opposed to  near n eig h b o r  hydrogen b on ds. That i s ,  th e  hydrogen  
bonds a re  betw een  r e s id u e s  in  n e ig h b o r in g  polym er ch a in s  o r  w ith in  
the same p e p t id e  c h a in , b u t u s u a lly  g r e a te r  than th r e e  r e s id u e s  
a p a rt as i s  th e c a se  o f  th e “- h e l i x .
P o ly p e p tid e s  c o n ta in in g  a h e tero a to m  (oxygen  or s u lfu r )  in  th e  
Y p o s i t io n  o f  th e  amino a c id  r e s id u e ,  su ch  a s  p o ly -L - s e r in e ,  p o ly -  
L - c y s t e in e ,  and p o ly -L - th r e o n in e , tend  to  form a 3 - s tr u c tu r e  (2 6 ) .
The d ip o le - d ip o le  in t e r a c t io n s  betw een  th e  h eteroatom s and th e  two 
a d ja c e n t p e p tid e  groups reduce th e  s t a b i l i t y  o f  th e  “- h e l i c a l  
con form ation  b u t h ave l i t t l e  e f f e c t  on th e  energy o f  th e  3 -p le a te d  
s h e e t ,  thus fa v o r in g  th e  l a t t e r  (34) . S i l k  (3 5 -3 6 ) i s  the b e s t  
exam ple o f  t h i s  p le a te d  s h e e t  s t r u c tu r e .
Other exam ples o f  h e l i c a l  s t r u c tu r e s  in  p o ly p e p t id e s  are the  
“- k e r a t in  s t r u c tu r e  ( 3 7 ) ,  th e  c o l la g e n  t r i p l e  h e l i x  (3 8 -3 9 ) ,  and 
the p o ly -g ly c in e  I I  ( 4 0 ) ,  p o ly -L -p r o lin e  (form  I I )  (4 1 -4 3 ) or poly  
(y -h y d r o x y -L -p r o lin e )  A (44) h e l i x .  T ab le  1 g iv e s  th e  4>, <J> 
r o t a t io n a l  a n g le s ,  th e  number o f  r e s id u e s  p er turn ( n ) , th e  t r a n s la t io n
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
8
per r e s id u e  (d) and th e  p it c h  fo r  a number o f  th e s e  h e l i c a l  
s  tr u c tu r e s .
T able 1 . S tr u c tu r a l param eters o f  th r e e  im portant 
p o ly p e p tid e  ch a in  co n fo rm a tio n s (33) .
“- h e l i x 6 -p le a te d  
s h e e t
p o ly p r o lin e  or  
p o ly  h y d ro x y p ro lin e  h e l i x
132° 40° 103°
123° 315° 326°
n 3 .6 1 2 .0 0 - 3 .0 0 *
d (A) 1 .5 0 3 .4 7 3 .1 2
P (A) 5 .4 1 6 .9 5 9 .3 6
* The n e g a t iv e  s ig n  d en o tes  a le f t -h a n d e d  h e l i x .
The <*-keratine s t r u c tu r e  i s  sim ply  a m o d if ic a t io n  o f  th e  “- h e l i x  
w hich has s u p e r s tr u c tu r e . I t  c o n s i s t s  o f  th r e e  s l i g h t l y  d is t o r t e d  
“- h e l i c e s  tw is te d  le f t -h a n d e d ly  about each  o th e r ,  n o t  u n lik e  th a t  o f  
a stran ded  p ie c e  o f  th read  (3 3 ) .
The c o l la g e n  h e l i x  i s  a n o th er  exam ple o f  a tw is te d  t r i p l e  
h e l i x .  In th is  s t r u c tu r e  th e  in d iv id u a l  th rea d s a re  le f t -h a n d e d  
h e l i c e s .  The th r e e  th read s are tw is te d  about each o th e r  in  a s l i g h t l y  
r ig h t-h a n d ed  t w is t .  U n lik e  th e  “- h e l i x  or th e  6 -p le a te d  s h e e t ,  th e  
c o l la g e n  t r i p l e  h e l i x  r e q u ir e s  th a t  every  th ir d  r e s id u e  in  th e  p o ly ­
p e p tid e  ch ain  b e a g ly c in e  r e s id u e .  G ly c in e  o c c u p ie s  th e  in t e r i o r  
p o s i t io n s  o f  the t r i p l e  h e l i x  s u p e r s tr u c tu r e  and i s  th e  on ly  amino 
a c id  w hich  w i l l  a llo w  th e c l o s e  p ack in g  req u irem en ts  o f  th e  t r ip l e  
h e l i x .
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The le f t -h a n d e d  h e l i x  o f  c o l la g e n  i s  s im i la r  in  s t r u c tu r e  to  
some s y n th e t ic  p o ly p e p t id e s  in  th e  s o l i d  s t a t e .  P o ly g ly c in e  I I ,  
p o ly -L -p r o lin e  (form  II) and p o ly -L -h y d r o x y p r o lin e  A a l l  form s im i la r  
le f t -h a n d e d  h e l i c e s .  The amino a c id  co m p o s it io n  o f  c o l la g e n  i s  o n e -  
th ir d  g ly c in e  and a p p ro x im a te ly  o n e - th ir d  p r o l in e  and h y d r o x y p r o lin e  
( 3 3 ) .  The le f t -h a n d e d  h e l i x  has th r e e  r e s id u e s  p er  turn and has a
O
t r a n s la t io n  o f a p p ro x im a te ly  3A per r e s id u e .  B ecau se i t  has no s id e  
ch a in  to  in f lu e n c e  th e  c o n fo rm a tio n , p o ly g ly c in e  a ls o  has th e  a b i l i t y  
to  form  a r ig h t-h a n d e d  h e l i x  in  th e  c r y s t a l l i n e  s t a t e  ( 4 0 ) .  The 
p y r r o l id in e  r in g s  o f  p r o l in e  and h y d r o x y p r o lin e  l i m i t  th e  r o ta t io n  
o f  <J> to a n g le s  near 1 2 0 ° . S t e r i c  e f f e c t s  (4 5 -5 6 )  cau sed  b y  th e  
hydrogen atom s a tta c h e d  to  th e  <5 m eth y len e  carbon atom and p r e c e e d in g  
p y r r o l id in e  r in g  hydrogen  atoms p r o h ib it  th e  fo rm a tio n  o f  th e  a-  
h e l i c a l  co n fo rm a tio n , b e s id e s  th e  f a c t  th a t  th e r e  a re  no p e p t id e  
hydrogen atoms fo r  hydrogen  b on d in g . The r e s t r i c t i o n s  c i t e d  above  
r e s u l t  in  a f a i r l y  r i g id  h e l i c a l  s t r u c t u r e  n o t  o n ly  f o r  p o ly p r o lin e  
or p o ly h y d r o x y p r o lin e , b u t a l s o  fo r  p o ly p e p t id e s  c o n ta in in g  th e s e  
amino a c id s  ( 5 7 ) .
The s t r u c t u r e  o f  th e  h e l i c e s  j u s t  d e sc r ib e d  h ave b een  worked out 
from s o l i d - s t a t e  s t u d i e s .  However, a h e l i x  i s  n o t  th e  o n ly  c o n fo r ­
m ation a v a i la b le  to  p o ly p e p t id e s  in  s o lu t io n  o r  in  th e  s o l i d - s t a t e .
Most p o ly p e p tid e s  and p r o te in s  can adopt a m yriad o f  d iso rd ered  
c o n fo rm a tio n s , c a l l e d  th e  random c o i l  ( 5 8 ) ,  under c e r ta in  s o lv e n t  
c o n d it io n s .  A ls o , an ord ered  (n a t iv e ) - d is o r d e r e d  t r a n s i t io n  can b e
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induced  by changing s o lv e n t  co m p o sitio n  or tem perature or b oth  
(5 7 , 59-61) . T h e o r e t ic a l ly ,  m ethods fo r  com puting th e  s t a t i s t i c a l  
con form ation s o f  m acrom olecu les h a v e  b een  d er iv e d  (58) , and thermo­
dynamic param eters d eterm in in g  co n fo r m a tio n a l t r a n s i t io n s  have been
deduced ( 6 2 ,6 3 ) .  T h ese in v e s t ig a t io n s  aim a t  p r o v id in g  a b e t t e r
u n derstan d in g  o f  s t r u c tu r e  and fu n c t io n  o f  b i o l o g i c a l  m acrom olecu les.
With th e  ad ven t o f  a p p ly in g  c l a s s i c a l  s t a t i s t i c a l  m echanics to  
ch a in  m o le c u le s  in  the ran d o m -co iled  con form ation  (5 8 ,  6 4 ) ,  average  
p r o p e r t ie s  o f  p o ly p e p tid e  c h a in s— avera g e  f r a c t io n  h e l i c a l  c o n te n t ,  
m ean-square unperturbed  e n d -to -e n d  d is t a n c e ,  m ean-square unperturbed  
ra d iu s  o f  g y r a t io n ,  m ean-square unperturbed  d ip o le  moment and mean- 
square o p t ic a l  a n is o tr o p y — can  b e  c a lc u la t e d .  In  any s t a t i s t i c a l  
m ech a n ica l trea tm en t a q u a n ity  known as th e  co n fo rm a tio n a l p a r t i t io n  
fu n c t io n , Q, m ust b e c a lc u la t e d .  T h e o r e t ic a l ly  fo r  polym er ch a in s  
w ith  N r e s id u e s ,  t h i s  q u a n ity  i s  g iv e n  by
Q(N) = /  u exp ( - e ^  /  kT ) dq (1 )
i = l
A l l  p o s s ib l e  polym er co n fo rm a tio n s  
i s  th e  f r e e  energy  o f  a g iv e n  r e s id u e  i  when th e  polym er i s  in  
a s p e c i f i c  co n fo rm a tio n . For a p o ly p e p t id e  a s p e c i f i c  con form ation  
corresp on d s to  a s p e c i f i c  s e t  o f  $ ,  r o t a t io n a l  a n g le s .  The in t e g r a l  
i s  over  a l l  p o s s ib l e  polym er c o n fo rm a tio n s . I f  we assume th a t  th e  
polym er con form ation s a re  d i s c r e t e ,  we can r e p la c e  th e  in t e g r a l  by a 
summation.
In ord er to  g e t  a f e e l  f o r  th e  ty p es  o f  param eters w hich  go in t o
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the c a lc u la t io n  o f  th e p a r t i t i o n  f u n c t io n ,  c o n s id e r  a hom opolypeptide  
w ith  d is c r e t e  polym er con fo rm a tio n s and under unperturbed c o n d it io n s .  
Unperturbed c o n d it io n s  a re  th o se  in  w hich  th e  polym er i s  f r e e  from  
e x te r n a l  c o n s t r a in t s ,  such  as  th o se  caused  by lo n g -r a n g e  in t e r a c t io n s  
or by e x te r n a l fo r c e s  (5 8 ) .  The co n fo r m a tio n a l p a r t i t i o n  fu n c t io n  
fo r  th is  homopolymer can be w r it t e n  a s
Q(N) = E E tt exp (-E  (<j>., 4 0 /RT) (2 )
4> 4* i= l
a l l  p o s s ib le  
a n g le s
Here E C ^ , 4^) becomes th e  co n fo rm a tio n a l energy o f  r e s id u e  i  w hich  
in c lu d e s  such  energy p o t e n t ia l s  a s  van der W aals non-bonded in t e r a c t io n s ,  
t o r t io n a l  p o t e n t ia l s  about 4  ̂ and 4 ^ , cou lom b ic  in t e r a c t io n s  and 
hydrogen bonding p o t e n t ia l s  (5 8 ,  6 5 , 6 6 ) .  The sum m ations a r e  ov er  
a l l  p o s s ib le  4>, <l> r o t a t io n a l  a n g le s .  I f  no un usu al n ea r -ra n g e  in t e r ­
a c t io n s  o ccu r , then th e  energy c o n to u r , en ergy  p lo t t e d  aga in s 1 4 > and ip 
fo r  r e s id u e  i  and any o th e r  r e s id u e  in  th e  c h a in  w i l l  b e s im i la r  and 
i s  e a s i l y  c a lc u la t e d .  By th e  term  no n e a r -r a n g e  in t e r a c t io n s  i s  meant 
th a t  no u n fa v o ra b le  a tom ic  c o n ta c ts  or s tr o n g  e l e c t r o s t a t i c  in t e r ­
a c t io n s  e x i s t  betw een  r e s id u e  i  and any o th e r  r e s id u e  in  th e  p o ly p e p t id e  
ch a in  e x c e p t i t s  n e a r e s t  n e ig h b o r s .
Energy con tou rs o f  t h is  typ e a re  c a l l e d  d ip e p t id e  co n fo rm a tio n a l 
energy maps ( 5 8 ,6 5 ,6 6 ) .  T hese co n fo rm a tio n a l energy  maps a re  u s u a l ly  
c a lc u la te d  u s in g  approx im ately  10° in crem en ts i n l a n d  if». Such d ip e p t id e  
co n form ation a l en ergy  maps have been  computed fo r  g ly c in e  ( 6 7 - 7 0 ) ,  
D ,L -a la n in e  and o th er  «-am ino a c id  r e s id u e s  in  w hich R i s  a lo n g e r ,
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unbranched s id e  ch ain  o f  th e  k in d  -CH -R (6 7 -7 1 ) ;  D ,L -v a lin e  (7 2 ) ;
2
D ,L -p h en y la lan in e  (7 2 ) ;  L -s e r in e  ( 6 9 ,7 3 ,7 4 ) ;  L -p r o lin e  (4 8 ,5 3 ,5 5 )  
and y -h y d r o x y -L -p r o lin e  (5 6 ) .
In ord er to  t e s t  th e  v a l i d i t y  o f  a co n fo rm a tio n a l energy map, 
average d im en sion s, such a s  th o se  c i t e d  a b ove , fo r  th e  unperturbed  
random c o i l  can b e c a lc u la te d  and compared w ith  e x p e r im e n ta lly  
m easurable q u a n i t ie s . The m ost fr e q u e n t ly  used  such  ex p er im en ta l
q u a n tity  i s  th e  c h a r a c t e r i s t i c  r a t io  (58 ) , d e f in e d  (75) fo r  p o ly p e p t id e s
2 2 2 as < r >„ /n ^  1^ , w here < r  >0 i s  th e  unperturbed  m ean-square
en d -to -en d  d is ta n c e  f o r  a p o ly p e p tid e  c o n ta in in g  n^ v ir t u a l  bonds o f
le n g th  1^.
The c a lc u la t io n  o f  ex p er im en ta l c h a r a c t e r i s t i c  r a t io s  can b e
c a r r ie d  ou t by u s in g  E q u ation s 3 -5 ,  a proced u re f i r s t  u t i l i z e d  by
Brant and F lory  (7 5 - 7 7 ) .  The c h a r a c t e r i s t i c  r a t io  i s  o b ta in ed  from
measured v a lu e s  o f  th e  i n t r i n s i c  v i s c o s i t y ,  m o lecu la r  w e ig h ts ,  and th e
second  v i r i a l  c o e f f i c i e n t .  [n ] i s  th e  i n t r i n s i c  v i s c o s i t y  in  a 6
s o lv e n t ,  a s o lv e n t  in  w hich  th e  ex p a n sio n  c o e f f i c i e n t  i s  o n e , i s  th e
m olecu lar  w e ig h t o f  an amino a c id  r e s id u e , i s  th e  v i s c o s i t y  average
m o lecu la r  w e ig h t , « i s  th e  exp an sion  c o e f f i c i e n t ,  N i s  A vogadro's
o
number, A2  i s  th e secon d  v i r i a l  c o e f f i c i e n t  and $ i s  a u n iv e r s a l  
co n sta n t u s u a l ly  eq u a l to  0 .0 0 2 1  w ith  [n] in  d e c i l i t e r s /g r a m  and 
d is ta n c e  in  angstrd ins.
< r 2  >0 /  V p  = ( t n l e / * V / 2 ) 2 / 3  Mo i p " 2 (3 )
[ n ] Q = [n ] /a3 (4)
1 1 / 2 2  ( 5 )
A2M / [ n ]  = 2 5 2 ir No (27 4>) In  [1 +  0 .5  ir ( «  -  1) ] ^  ;
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D ir e c t  e v a lu a t io n  o f  th e  e x p er im en ta l c h a r a c t e r i s t i c  r a t io  i s  
r a th e r  d i f f i c u l t .  U su a lly  poor s o lv e n t s  are  used  to  produce th e  
unperturbed s t a t e  o f  s y n t h e t ic  polym ers in  s o lu t io n  ( 7 8 ) .  However, 
in  such s o lv e n t s  p o ly p e p tid e s  ten d  to  assume ord ered  con form ation s  
or p r e c ip i t a t e .  T h e r e fo r e , good s o lv e n t s  a r e  em ployed in s t e a d ,  and 
the d im ensions d er iv ed  from exp erim en t a re  c o r r e c te d  to  th e  unper­
turbed  s t a t e  u s in g  th e second v i r i a l  c o e f f i c i e n t  and th e  exp an sion  
c o e f f i c i e n t ,  a ( 6 7 ,7 5 - 7 7 ,7 9 - 8 2 ) .
Hie ex p er im en ta l v a lu e s  o f  c h a r a c t e r i s t i c  r a t io s  fo r  homopolymers 
c o n s is t in g  o f amino a c id s  w ith  d i f f e r e n t  s id e  c h a in s , such as p o ly -  
L -g lu ta m ic  a c id  and p o ly - L - ly s in e ,  a re  found s im i la r  to  the c o r r e s ­
ponding v a lu e  c a lc u la te d  fo r  p o ly -L -a la n in e  ( 6 7 ,8 3 ) ,  namely c lo s e  to
9 .  I t  appears th a t  th e  n a tu r e  o f  th e  s id e  ch a in  o f  an amino a c id  
r e s id u e  does n o t  m arkedly a f f e c t  th e  m ean-square e n d -to -en d  d is ta n c e  
o f  an unperturbed p o ly-L -am in o  a c id  ch a in  p rov id ed  th e  s id e  chain  
has the s tr u c tu r e  -CH^-R. However, th e  c h a r a c t e r i s t i c  r a t io s  o f  
copolym ers, such as c o p o ly (L -A la -D -A la ) , a re  c o n s id e r a b ly  low er than 
th a t o f  p o ly -L -a la n in e  ( 8 3 ,8 4 ) .
As in d ic a te d  above, the con form ation  o f  polyam ino a c id s  in  
s o lu t io n  can b e  changed from one ordered  s t r u c t u r e  to  another or from  
an ordered  to  an unordered con form ation  ( 5 8 ,5 9 ,6 1 ) .  T h is co n fo rm a tio n a l 
tr a n s it io n  can be b rought about by a l t e r in g  tem p eratu re o r  s o lv e n t  
co m p osition  o r  b o th . I n v e s t ig a t io n s  o f  th e  co n fo rm a tio n a l t r a n s i t io n s  
o f m acrom olecules h as been e x t e n s iv e ly  done e x p e r im e n ta lly  and 
t h e o r e t i c a l ly  ( 5 8 ,5 9 ,6 1 ) .
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One o f  th e  m ost w id e ly  s tu d ie d  co n fo rm a tio n a l t r a n s i t io n s  in  
p o ly p e p tid e s  i s  the h e l i x - c o i l  t r a n s i t io n  ( 6 1 ) .  T h is t r a n s it io n  
was found to  b e  h ig h ly  c o o p e r a tiv e  (2 5 ,8 5 )  and le a d  to th e  d ev e lo p ­
ment o f  numerous th e o r ie s  to  d e s c r ib e  th e  t r a n s i t io n  (61) . The 
f i r s t  o f  such  th e o r ie s  was proposed by S chellm an  in  1955 (86) . T h is  
model su g g e s te d  th a t  th e  p o ly p e p tid e  m o lecu le  in  s o lu t io n  e x i s t s  as 
e i t h e r  an “- h e l i x  o r  a co m p le te ly  random c o i l .  L a ter  th e o r ie s  took  
in to  c o n s id e r a t io n  th e  p o s s ib le  p resen ce  o f  b oth  h e l i c a l  and c o i le d  
segm ents w ith in  a s i n g l e  p o ly p e p tid e  ch a in  (6 1 -6 3 , 8 7 -9 0 ) .  A l l  o f  
th e s e  th e o r ie s , though w ith  d i f f e r e n t  m ath em atica l trea tm en t, u se  
s im ila r  model sy ste m s.
The t h e o r e t i c a l  p r e d ic t io n  th a t  b o th  c o i l e d  and h e l i c a l  segm ents  
c o e x i s t  in  a s in g le  p o ly p e p tid e  ch ain  has been  e x p e r im e n ta lly  v e r i f i e d .  
X-ray s tu d ie s  o f  th e  h e l i x - c o i l  t r a n s i t io n  o f  p o ly -3 , 5 -d ib ro m o ty ro s in e  
in  d im e th y lfo r m a m id e -tr if lu o r o a c e t ic  a c id  m ix tu re  r e v e a le d  t h a t ,  a t  
v a r io u s  s ta g e s  o f  th e  t r a n s i t io n ,  the p o ly p e p tid e  ch a in s  con ta in ed  “-  
h e l i c a l  segm ents se p a ra ted  by c o i l  r e g io n s  ( 9 1 ) .  The h e l i x - c o i l  
t r a n s i t io n  o f o th er  p o ly p e p tid e s  has been  fo llo w e d  by m easuring changes 
in  o p t ic a l  r o ta to r y  p r o p e r t ie s ,  v i s c o s i t y  y se d im e n ta tio n  v e l o c i t y ,  and 
l i g h t  s c a t t e r in g  (9 2 -9 5 ) .
One o f the s im p le s t ,  m ost w id e ly  used and now stan d ard  th e o r ie s  
o f  the h e l i x - c o i l  t r a n s i t io n  i s  th e  Zimm-Brigg th eory  ( 6 2 ) .  In 
th is  theory  on ly  two param eters ( a and s )  a re  req u ired  to f i t  
exp er im en ta l t r a n s i t io n  cu rves w ith in  th e accuracy  o f  m easurem ents ( 6 2 ) .
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o i s  a s t a t i s t i c a l  param eter w hich has b een  in te r p r e te d  as b e in g  an 
entropy term in v o lv e d  w ith  i n i t i a t i o n  o f  h e l i c a l  seq u en ces  in  th e  
p o ly p e p tid e  c h a in . The s t a t i s t i c a l  param eter s has b een  a s s o c ia t e d  
w ith  th e f r e e  energy change p er  r e s id u e  o f  th e  h e l i x - c o i l  t r a n s i t io n .
In an a ttem p t to  h ave a q u a n t i t a t iv e  m easure o f  th e  r e l a t i v e  
s t a b i l i t i e s  o f  th e  “- h e l i x  and ra n d o m -co il co n fo rm a tio n s  o f each  
n a tu r a lly  occu rr in gam in o  a c id  in  w a te r , S ch eraga  and c o l la b o r a to r s  
have m easured a and s  f o r  s e v e r a l  polyam ino a c id s  in  w ater  (9 2 ,9 6 -1 0 2 )  
u s in g  a " g u e s t -h o s t” m o d if ic a t io n  (103) o f  th e  Zimm-Bragg th e o r y .
The fo llo w in g  th r e e  req u irem en ts  must b e  met to  make d e te r m in a tio n  o f  
o and s e x p e r im e n ta lly  f e a s i b l e .  F i r s t ,  th e  polyam ino a c id  must b e  
w ater  s o lu b le .  S econ d , i t  must b e  a b le  to  adopt an “- h e l i c a l  
con form ation  in  w a te r . T h ird , i t  must b e  a b le  to  undergo a h e l i x -  
c o i l  t r a n s i t io n  in  th e  tem p eratu re range betw een  0 and 100°C . None 
o f  th e  homopolymers o f  th e  n a tu r a l ly  o c c u r r in g  amino a c id s  s a t i s f i e s  
a l l  th r e e  o f  th e se  req u irem en ts . The " g u e s t -h o s t"  m o d if ic a t io n  in v o lv e s  
th e s tu d y  o f  random copolym ers in  w hich th e d e s ir e d  amino a c id ,  th e  
" g u e st" , i s  in co r p o r a te d  a t  random in to  a n o n io n ic  homopolyamino a c id ,  
th e " h o s t" , w hich does m eet a l l  th r e e  req u ir em en ts . Out o f  a stu d y  
o f  the e x p e r im e n ta lly  determ ined  v a lu e s  o f  a and s  to  d a te ,  a c o r r e la t io n  
betw een  a and s seem s p r e v a le n t .
T h is d is s e r t a t io n  i s  d iv id e d  in to  two s e c t i o n s .  In  s e c t io n  o n e , 
C hapter 2, th e  m o d ifie d  p roced u re fo r  o b ta in in g  ex p er im en ta l v a lu e s  
o f  a and s  fo r  n a tu r a l ly  o c c u r r in g  amino a c id s  i s  o u t l in e d .  The c o r r e la t io n
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betw een  a and s i s  p r e s e n te d . And an a ttem p t i s  made to  e x p la in  t h i s  
c o r r e la t io n  by exam ining th e  r o le  p la y e d  by th o se  amino a c id  r e s id u e s  
w hich  i n i t i a t e  h e l i c a l  s e q u e n c e s . In  s e c t io n  two, C hapter 3 , th e  
s i m i l a r i t i e s  and d i f f e r e n c e s  in  p h y s ic a l  p r o p e r t ie s  a s  d eterm ined  
to  d a te  betw een  y -h y d r o x y -L -p r o lin e  and L -p r o lin e  a re  d is c u s s e d .  
Hydrodynamic p r o p e r t ie s  o f  p o ly (y -h y d r o x y -L -p r o lin e )  a re  determ ined  
and compared w ith  s im i la r  p r o p e r t ie s  o f  p o ly - L - p r o l in e .  C onform ation a l 
e n e r g ie s  a r e  computed fo r  th e  in t e r n a l  d ip e p t id e  u n it  o f  p o ly (y -h y d r o x y -  
L -p r o lin e )  b ased  on a r ig id  p y r r o l id in e  r in g ,  and c h a r a c t e r i s t i c  
r a t io s  a r e  computed u s in g  t h e s e  en ergy  maps. T hese r a t io s  a re  compared 
w ith  c h a r a c t e r i s t i c  r a t io s  c a lc u la te d  from  co n fo rm a tio n a l energy  
maps o f  p o ly (y -h y d r o x y -L -p r o lin e )  b a sed  on f l e x i b l e  p y r r o l id in e  r in g s .  
F in a l ly ,  th e s e  computed r e s u l t s  a re  compared w ith  th e  e x p e r im e n ta lly  
determ ined  q u a n it ie s  o f  b o th  p o ly (y -h y d r o x y -L -p r o lin e )  and p o ly - L - p r o l in e .
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CHAPTER 2 HELIX-COIL TRANSITION
2 .1  I n tr o d u c t io n
In th e  g e n e r a l model o f  th e  h e l i x - c o i l  t r a n s i t io n  o f  p o ly ­
p e p t id e s ,  two s t a t e s  p er  r e s id u e  have b een  assum ed, a h e l i c a l  s t a t e ,  
h , and a c o i l e d  s t a t e ,  c .  The h e l i c a l  s t a t e  i s  d e f in e d  fo r  an amino 
a c id  r e s id u e  when th e  d ih e d r a l a n g le s ,  <j> and ij> , o f  t h i s  r e s id u e  a re  
in  a narrow range about th e  (j>, ip a n g le s  found fo r  th e  “- h e l i x  
(T able 1 ) .  A c o i l e d  s t a t e  h as been  ch osen  in  w hich th e  r e s id u e  
a n g le s  are  any o th e r  a n g le s  than th o se  fo r  th e  h e l i c a l  s t a t e .  
E quation 1 can  b e  r e w r it te n  in  terms o f  th e  f r e e  energy  fo r  each  
s tr u c tu r e  G { h ,c } ,  where { h ,c }  in d ic a t e s  a g iv e n  seq u en ce o f h ' s  
and c ' s ,  as
where th e  summation i s  o v er  a l l  th e  p o s s ib l e  a llo w ed  com b in ation s o f  
h ' s and c ' s .
In g e n e r a l i t  i s  ex tre m e ly  d i f f i c u l t  to  know very  much about 
G { h ,c } .  But i f  one assum es th a t  th e  f r e e  e n e r g ie s  o f  s u c c e s s iv e  
seq u en ces o f  c ' s  and h ' s  a re  in d ep en d en t o f  each  o th e r , Q(N) can be  
computed w ith  few o th e r  a ssu m p tio n s . U sing t h is  a ssu m p tio n , th e  fr e e  
energy o f  a seq u en ce  o f  h ' s  or c ' s  depends o n ly  on i t s  le n g th  and 
not on i t s  p o s i t io n  in  th e  p o ly p e p tid e  c h a in  or  on th e  le n g th  o f  
n e ig h b o r in g  seq u e n c e s . The s t a t i s t i c a l  w e ig h t  o f  a seq u en ce o f  h 's  
or c ' s  can b e  w r it t e n  as
Q(N) = Iexp  [ -G { h ,c }  /R T ], ( 6)
u. = exp [ -G .(c ) /R T ] , c o i le d  sequence
o f  le n g th  i (7a)
v .  = exp [ -G .(h ) /R T ] , h e l i c a l  sequence
o f  le n g th  j . (7b)
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In term s o f th e s e  s t a t i s t i c a l  w e ig h ts  E quation  6 ta k es  th e  form
Q(N) =±J it u±v  (8 )
In th e  th e o r ie s  o f  L if s o n  and R oig (6 3 )y and Zimm and Bragg 
(62) o n ly  n e a r e s t  n e igh b or in t e r a c t io n s  were c o n s id e r e d  in  t h e ir  
e v a lu a t io n  o f  Q (N ). The t o t a l  number o f  d i f f e r e n t  s t a t i s t i c a l  
w e ig h ts  are  reduced to  fo u r . In  order to  g iv e  t h e ir  model more 
p h y s ic a l  m eaning, th e  assum ption  was a l s o  made th a t  the minimum number 
o f r e s id u e s  req u ired  fo r  a h e l i c a l  seq u en ce was j= 3 . T h is  number 
was based  on th e  f a c t  th a t  an in tr a m o le c u la r  hydrogen bond can be  
formed on ly  a f t e r  th r e e  s u c c e s s iv e  r e s id u e s  h ave b een  lock ed  in  to  
th e  “- h e l i x  <p, ip (F ig u r e  2) . The c o n s id e r a t io n  o f th e  hydrogen  bond 
le a d  to  th e  assignm ent o f  th e s t a t i s t i c a l  w e ig h ts  a s  shown in  T able 2 .
T able 2 . S t a t i s t i c a l  w e ig h ts  fo r  th e  h e l i c a l  and c o i l  
s t a t e s  in  a p o ly p e p tid e  ch a in  (6 1 ) .
R esidue S ta te  
i - 2  i - 1 i
S t a t i s t i c a l  W eight 
I a
fo r  r e s id u e  i  
I I b
h or c h or c c u u /u=  1
c h or c h V v / u -  o 1 / 2
h or c c h V v /u -  „ 1 /2
h h hC w w/u= s
a . L ifso n -R o ig  n o ta t io n  (63)
b . Zimm-Bragg n o ta t io n  (62)
c .  Hydrogen bond p o s s ib le  (F ig u r e  2)
The u^ and v^ o f  E quation  7 now becomes
u = u* = 1 (9a)
v = v 2w  ̂ 2 = o s^ 2 fo r  j> 2  (9b)
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In terms o f  th e  Zimm-Bragg n o ta t io n  th e  p a r t i t i o n  fu n c t io n  Q(N) becomes
/ ?  N - f - 2
Q(N) = 1 + E I <£ E (k -1 )  ! (N -k -2 ) ! s k_________  (10)
£=1 k = l £! ( £ - 1 ) !  (k-fc) ! (N -k-Jl-2) !
w here (N -2 )/2  i s  th e  la r g e s t  in t e g e r  l e s s  than (N - 2 ) /2 .  The f r a c t io n  
o f p o s s ib le  hydrogen bonds 0(N) formed (62) can b e  d ir e c t ly  determ ined  
from Q(N) by
0(N) = ( l /N -3 )  (3 An Q(N) ) / ( 3  £n s) (11)
In  a s im ila r  manner th e  average number o f unbroken h e l i c a l  s e c t io n s
V(N) ( 6 2 ) ,  and th e avera g e  number o f  amino a c id  r e s id u e s  per unbroken
h e l i c a l  s e c t io n s  I.(N) (63) i s  g iv e n  by
V(N) = (3 Jin Q/3 Jin a ) (12 )
L(N) = (N -3) 0(N)/V(N) (13)
When s ( th e  r a t io  w/u) i s  g r e a te r , l e s s  th a n , or eq u a l to  u n ity ,
h e l ix  i s ,  r e s p e c t iv e ly ,  fa v o red , u n favored , and o f  eq u a l p r o b a b i l i t y ,
w ith  r e s p e c t  to  c o i l  fo r  i n f i n i t e l y  la r g e  p o ly p e p tid e  c h a in s . The
v a lu e  o f  s  fo r  v a r io u s  n a tu r a lly  o ccu rr in g  amino a c id s  in  w ater v a r ie s
from 0 .6  to  1 .4  ( 9 2 ,9 6 -1 0 2 ,1 0 4 ) .  The ends o f  a h e l i c a l  sequence
have a r e l a t i v e l y  low p r o b a b il i ty  o f  o ccu ran ce , b eca u se  th e  u n it s
a t  the ends o f  a h e l i c a l  sequence c o n tr ib u te  n e ith e r  a hydrogen bond
nor en trop y  o f  in t e r n a l  r o ta t io n  ( c o i l  s t a t e ) . C on seq u en tly , one may
ex p ec t th a t  a = (v /u )  w i l l  b e  l e s s  than u n ity .  T h is  c h a r a c t e r i s t ic
param eter o f th e  h e l i x - c o i l  t r a n s i t io n s  rep o rted  in  l i t e r a t u r e  for
- 5  -2v a r io u s  polyam ino a c id s  v a r ie s  in  th e  range: 1 X 10 to  1 X 10 
(9 2 ,9 6 -1 0 2 , 1 0 4 ) . For th e t r a n s i t io n  o f p o ly -L -a la n in e  in  w ater
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o =  1 .44x10  ̂ (1 0 4 ) .  The e lo n g a t io n  o f  an e x i s t i n g  h e l i c a l  sequence
i s  thus favored  over th e  i n i t i a t i o n  o f  a new h e l i c a l  seq u en ce . T his  
makes “- h e l i x  to  c o i l  t r a n s i t io n  in  p o ly p e p t id e s  a c o o p e r a t iv e  
phenomenon.
S e v e r a l methods h ave b een  used  in  th e  p a s t  fo r  e v a lu a t in g  
com p lica ted  p a r t i t i o n  fu n c t io n s ,  e . g . ,  th e  maximum term (1 0 5 ,1 0 6 )  
and s t e e p e s t  d e sc e n t  (1 0 6 ,1 0 7 ) m ethods, b u t th e  method o f  g r e a t e s t  
u t i l i t y  in  ch a in  s t a t i s t i c s  has been  th e  m a tr ix  method (5 8 , 1 0 8 -1 1 0 ) .  
In  t h is  method th e  p a r t i t i o n  fu n c t io n  can b e  w r it t e n  as
where J and J a re  column and row m a tr ic e s ,  r e s p e c t i v e ly ,  w hich  take  
in to  account th e  ends o f  th e  polym er c h a in . JJ i s  a sq u are  m atr ix  
whose e lem en ts  a re  th e  s t a t i s t i c a l  w e ig h ts  fo r  th e  v a r io u s  r e s id u e  
s t a t e s  in  th e  polym er. In terms o f  th e  Zimm-Bragg n o ta t io n  jj i s  a 
2 x 2  m atrix  w ith  th e  fo H e w in g  e lem en ts
N has b een  rep la c e d  by N -3 to  tr y  and ta k e  in to  accou n t th e  f a c t  




J and J become r e s p e c t iv e ly
s  1
O S  1
J = c o l  l l  1]
J  =  [ o  1 ] (16)
and E quation  14 can b e  w r it t e n  as
(1 7 )
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The f r a c t io n  o f  hydrogen  bonds can b e  c a lc u la te d  u s in g  E quation  11 
and r e p la c in g  3£n Q(N) /  9 Jin s  by (111)
9 An Q(N) /  9 An s  = Q(N)” 1 J *  (£  £ ) 3  ( 1 8 a )
w here J2 and Q are th e  id e n t i t y  and zero  m a tr ic e s ,  r e s p e c t i v e ly ,  and
At
have th e  same ord er a s  J£. JJ i s  a su per m a tr ix  and i s  g iv e n  by
U =
.S i)
w here JI * s ( 3  JJ /9  s) . (18 c)
In terms o f  th e  Zimm-Bragg m odel E q u ation s 11 and 18 become
0(N) = (N -3 )" 1 (Q(N)) 1 [ °  !3 ( o  1 o o )
X I  osi
N-3s
a s
s  1 /  (19)
as i)
The ad van tages o f  th e  m a tr ix  method in  c a lc u la t in g  Q(N) and 0(N) 
are num erous. With t h i s  method d ir e c t  e v a lu a t io n  o f  Q (N ), and h en ce  
6(N ), can b e made in  c o n tr a s t  to  th e  maximum term or th e  s t e e p e s t  
d e sc e n t  m ethods. A ls o , t h i s  method i s  c o m p le te ly  g e n e r a l in  terms 
o f  the number o f  d i f f e r e n t  r e s id u e  s t a t e s  in  th e  polym er th a t can b e  
accommodated. I f ,  f o r  exam ple, fo u r  r e s id u e  s t a t e s  w ere re q u ir e d  
in s te a d  o f  two a s  in  th e  Zimm-Bragg trea tm en t, then  th e  s t a t i s t i c a l  
w eig h t m a tr ix  would becom e a 4x4 m a tr ix  in s te a d  o f  th e  Zimm- 
B ra g g 's  2x2 m a tr ix . W ith th e  advent o f  com puters th e  m a tr ix  method i s  
r e a d i ly  program able, and th e  com p u tation s o f  0(N) can b e  perform ed on 
the order o f se c o n d s .
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As m entioned  e a r l i e r  in  th e  g e n e r a l in t r o d u c t io n ,  d e te r m in a tio n  o f  
a and s  fo r  homopolymers o f  th e  n a tu r a lly  o c c u r r in g  amino a c id s  in  w a ter  
i s  n o t e x p e r im e n ta lly  f e a s i b l e .  S in c e  th e  Zimm-Bragg trea tm en t o f  
th e  h e l i x - c o i l  t r a n s i t io n  i s  o n ly  a p p lic a b le  in  th e  stu d y  o f  homo­
p o lym ers, Scheraga and co -w ork ers have m o d ifie d  t h i s  trea tm en t to  
accommodate random copolym ers a s  w e l l ,  th e  " g u e s t-h o s t"  tech n iq u e  
(1 0 3 ) .  The random copolym ers a r e  u s u a l ly  r e a d i ly  made, and th ey  can  
a llo w  fo r  th e  e x p er im en ta l d e te r m in a tio n  o f  a and s .  In  t h i s  te c h n iq u e ,  
th e  copolym ers a re  composed o f  a n o n io n ic  homopolyamino a c id ,  th e  
"host"  w hich i s  in t e r d is p e r s e d  w ith  th e  d e s ir e d  amino a c id ,  th e  " g u e st" ,  
h en ce  th e  name " g u e s t -h o s t" .
For a s p e c i f ic - s e q u e n c e  copolym er, e . g . ,  ABABBAAA, th e  p a r t i t i o n
fu n c t io n ,  Q {A, B } , would be
Q {A,B} = j*U AUDUAUDUDU ,U .U 4 J (20 )x ’ a. A^B 'vA'̂ B Â'VA'VA
In term s o f  th e  Zimm-Bragg n o ta t io n




K  i \
K sb
(21b)
w here th e  s u b s c r ip t s  A and B d en ote  th e two d i f f e r e n t  ty p es  o f  
r e s id u e s  in  th e  copolym er. However, in  a s o lu t io n  o f  a random 
copolym er prepared  from a m ixtu re o f  A and B monomers, a l l  m o lec u le s  
w ould n o t have th e  same random seq u en ce , b u t w ould be made o f  an ensem ble
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o f  N m o le c u le s  o f  v a ry in g  seq u en ce  o f  r e l a t i v e l y  uniform  ch a in
le n g th  N. The p a r t i t i o n  fu n c t io n  fo r  t h i s  ensem ble i s  g iv e n  by
( 22)
where N {A ,B} i s  th e  number o f  m o le c u le s  h a v in g  a p a r t ic u la r  seq u en ce  
(A ,B} (w ith  p a r t i t i o n  fu n c t io n  Q{A,B} and P {A ,B ) i s  i t s  p r o b a b il i t y  o f  
o ccu ra n ce . In th e  " g u e s t -h o s t"  trea tm en t P{A,B} i s  regarded as th a t  
fo r  a random -sequence copolym er w ith  no n e a r e s t-n e ig h b o r  c o r r e la t io n s .  
The f r a c t io n a l  h e l i c a l  c o n te n t  i s  then  g iv e n  by
w here 3 /  3 An s  = 3 /3 An s^  +  3 /  3 An Sg ^ 2
Poland and S ch eraga  (6 1 ,1 1 1 )  have d ev e lo p ed  a trea tm en t fo r  
o b ta in in g  0(N) w hich  in v o lv e s  a h ie r a r c h y  o f  ap p rox im ation s; th e  
lo w e s t  ord er ap p rox im ation s red u ce  t o  e a r l i e r  th e o r ie s  o f  L ifs o n  ( 1 1 2 ) ,  
L ifs o n  and A lle g r a  (1 1 3 ) ,  and A lle g r a  ( 1 1 4 ) ,  w h i le  th e  r e s u l t  i s  
e x a c t  in  th e  l i m i t  o f  i n f i n i t e  o rd er . They c a l le d  t h e ir  trea tm en t  
th e  L ifso n -A lle g r a -P o la n d -S c h e r a g a  (LAPS) h ie r a r c h y . The LAPS 
h ie r a r c h y  i s  b a sed  on th e  o b se r v a t io n  th a t  0(N) o f  E quation  23 can  
b e e q u a lly  w e l l  computed from  a n o th er  p a r t i t i o n  fu n c t io n ,  Q , w hich  
i s  n o t eq u a l to  Q o f  E q u ation  2 2 , b u t d e f in e d  as
where Q{A,B} i s  a d i f f e r e n t i a b l e  fu n c t io n  o f  s .a n d  s D, and C{A,B}A D
i s  a number which i s  th e  n u m er ica l v a lu e  o f  Q{A,B} . The l a s t  e q u a lity  
of E quation 24 fo l lo w s  from th e  f a c t s  th a t  C{A,B} = Q{A,B} n u m er ica lly
0(N) = N 1 {A£B}P{A ,B} (3 An Q{A,B}) /  (3 An s ) (23a)
(24)
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and P{A ,B} i s  a n orm a lized  p r o b a b i l i t y .  The f r a c t i o n a l  h e l i c a l  
co n ten t i s  th en  g iv e n  by
0(N) = N_1 8 £n Q+  / 3  £n s  = N_1 aQ /  3£n s
= N 1 {A’B ]c u t t }" 3Q ^ ’B } / 3  Za s  (2 5 )
S in c e  th e  l a s t  term s on th e  r ig h t-h a n d  s id e s  o f  E q u ation s 23 and 25 
are i d e n t i c a l ,  th e  v a lu e s  o f  0(N) computed from  b o th  e q u a tio n s  are  
th e same.
The advantage o f  in tr o d u c in g  Q+ i s  t h a t ,  u n lik e  Q o f  E quation  
22, i t  can b e  g en era ted  w ith  th e  a id  o f  a  m a t r ix - l ik e  q u a n t ity ,  namely
Q+ , ( o f (2 6 )
w here
















and and JUg are g iv e n  by E quation  2 1 . In  E quation  26 , i t  i s  to  
be understood  th a t  th e  in d ic a te d  o p e r a t io n s  a re  c a r r ie d  ou t so th a t  
th e  m u lt ip l i c a t io n  o f  f a c to r s  in  th e  "num erators" and "denom inators"  
a re  perform ed in d ep en d en tly  and in  p a r a l l e l  u n t i l  f i n a l l y  th e  m atr ix  
p ro d u cts  accu m u latin g  in  th e  denom inators a re  transform ed in to  s c a la r
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q u a n t i t ie s  by o p e r a tio n  w ith  th e  end v e c to r s  J and J . Upon m atrix  
m u lt ip l i c a t io n  in  t h i s  manner, th e  m a tr ic e s  JJA and le a d  to  
th e  q u a n ity  c{A.,B} and th e  fa c to r  a / ( f o r  th e  c a s e  o f a random d i s t r i ­
b u t io n  co n s id ered  h ere ) g e n e r a te  th e  q u a n it ie s  P {A ,B ), where  
N. N„ „  PA N.
P{A ,B } = PA A PB B = Cl -  pa ) N ( - ^ ---- ) A (28)
A
and PA and Pg a re  th e  a p r io r i  p r o b a b i l i t i e s  o f  occu rren ce  o f  A and
B (PA + Pg = 1 )  and NA and a r e  th e  a v erage  numbers o f  A and B
u n i t s  p er  ch a in  (N. +  N = N ) , r e s p e c t iv e ly .  S in c e  th e  fa c to rA D
N
(1  -  PA) i s  a c o n s ta n t  fo r  a l l  {A ,B }, w hich c a n c e ls  in  th e  c a lc u la t io n  
o f  0(N ), i t  i s  dropped and a s s ig n e d  to  each A u n it  th e  fa c to r
« '=  PA /  (1  -  PA ) (29)
W ith <*'d e f in e d  in  t h is  manner, PA i s  taken to  b e  th e  ex p e r im e n ta lly  
d eterm ined  f r a c t io n  o f  A in  th e  cop olym er, f A .
For la r g e  N i t  i s  much to o  d i f f i c u l t  to  e v a lu a te  Q+ e x p l i c i t l y  
by E quation  2 6 . To circu m ven t t h i s  d i f f i c u l t y  th e  s e r i e s  o f  appro­
x im a tio n s  fo r  Q+ r e p r e se n te d  by th e  LAPS h ie r a r c h y  was d e v is e d . In  
th e s e  a p p ro x im a tio n s , th e  m atr ix  p rod u cts  in  th e  denom inators o f
E quation  2 7 , o b ta in ed  a f t e r  m 'e x p l ic i t  m atrix  m u lt ip l ic a t io n s  have
been perform ed, a r e  rep la ced  by s c a la r  q u a n t i t i e s ,  such th a t
+  4-N ^  ^  + n L N / m /  ^Q = J U™ J = J (u ™ )w/m J
■ j * (30)
w here i s  now a prop er m a tr ix . For i n f i n i t e  c h a in s , th e  s c a la r s  in  
th e  denom inators o f  JJ* a re  th e  la r g e s t  e ig e n v a lu e s  (XA » Af i; A ,
XAB* ABB’ and XAAAA’ XABAA* XAABB*X ABBB * XABAB’ XBBBB’ resPe c tiv e ly)
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+m/o f th e m atr ix  p rod u cts in  th e  denom inators o f  U fo r  ord ers'V
of approxim ation  m= 1 , 2 , and 4 , r e s p e c t iv e ly .  In  th e  su c c e s s io n  
o f  th e  approxim ations from m= 0 ( lo w e s t )  to  m= N ( e x a c t ) , C{A,B) 
v a r ie s  from 1 to Q{A,B} n u m e r ic a lly .
To a c c e le r a te d  th e  r a te  o f  con vergen ce o f  th e  approxim ate to  
th e  e x a c t r e s u l t  a d e v ic e  in tro d u ced  by A lle g r a  (JL14) was u sed .
The v a lu e  o f  “ ' in  E q u ation  27 was taken  as  an a d ju s ta b le  param eter  
to s a t i s f y  th e  c o n d it io n
f A = (1 /N ) O  £n Q+ ,/d ln°?)  (31)A m
where f^  i s  the exp erim en ta l v a lu e  o f  th e  f r a c t io n  o f  A u n it s  in  the  
copolym er. In  the l i m i t ,  as m'-* N, “ ' w i l l  approach th e  v a lu e  g iv e n  
by E quation  29 .
For th e  two lo w e s t  ord ers (m=0 and 1) o f  th e  LAPS h ier a rch y  
fo r  random copolym ers o f  f i n i t e  ch ain  le n g th  N , th e  p a r t i t i o n  fu n c tio n  
Q+ can be r e p r e se n te d , in  term s o f  th e  fo llo w in g  m o d if ic a t io n  o f  th e  
2 x 2  m atrix  o f  E quation  27
/  rr* X  1 \  V
(32)f  = f  ( ‘ SA +  SB} ( “ ' +  1} \
\  ( “ ° A S A +  ° R S r )  +  'A A B B
For th e c a s e  o f m'= 0 ,  “ i s  g iv e n  by E quation  29 . For th e  c a se  o f  
m = 1 , “' i s  co n sid ered  to  b e  a d ju s ta b le .  Any n o rm a liza tio n  fa c to r s  
from the "denom inators" o f E quation  27 have b een  o m itte d , s in c e  th ese  
on ly  a l t e r  the v a lu e  o f  w hich i s  a d ju sted  anyway to  s a t i s f y  
E quation 31 . Thus, fo r  m'= 0 and 1 , can e a s i l y  b e  w r it t e n  in  terms 
o f  the e ig e n v a lu e s  o f  m atrix  U (E quation  32) as 
+ * +N N NQ, = J U j - c 1x1 + c 2x2 (33a)
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where J = ( 0 , 1 )  and J = c o l  ( 1 ,  1) and
1 1 2 = (1 /2 )  { (<*'+ 1) + (« s A +  s B)±  [ { ( « '+  1) +
( “ sA + s B) } 2 -  4 ( “'+  1) { ( “' s A+ s B) -
( "  °A SA +  ° B S B) } )
1/2 } (33b)
The c o e f f i c i e n t s  and a re  g iv e n  by
1*2 (“ > A  + V b 1 * 1 ,2
i x i , 2  ‘  (“' +  1 ) ]2  +  ( “' + L) ( ‘ V a  + V b > (33 c)
The f r a c t io n  h e l i c a l  c o n te n t i s  then  g iv e n  e x p l i c i t y  by E quation  34,
NC.
0 (N) = ( 1/N) (d  iln Qx /  d £n s )  =
3C,
9 £n s
+ 3C2 (  *2 \  NU  3 X1 + 3 tn  X2 C2 (  X2 )  "
3 £n s y A ^ j  J  3 in  s  3 £ n s  \  j
“ m ’ (34a)
w here(3£n A  ̂  ̂ /3  s )a n d  ( 3C  ̂ £n s ) a r e  g iv e n  by
3 £ n  A
3£n s
1.2 -  _ i   f  (-'i
2h , 2  L
“ SA  +  Sg) ±{(a SA  +  Sg) [C“ ’s a  +  Sg) - (cc'+l)]
+ 2 ( ° ^ ° ASA + aBSB ^ 0C +  ^  ^  f +  SB̂  ” ^ +  +  4 + 1 )
x (“ ' V a + V b) !
1 /2 ] (34b)
9C 
3 £n̂  ■ C1 . 2  f 1i  s  ’ L
(« + 1)
3£n A
A 1 ,2  3 £n s
1 9 ̂
1±2_ _ ; Cl f 2 [>1 .2  -




n s J (3 4 c)
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The t h e o r e t i c a l  f r a c t io n  o f  A, F^, g iv e n  by E quation  31 , can be  
o b ta in ed  e x p l i c i t l y  in  a s im ila r  manner a s  0(N) by r e p la c in g  3 /9  £n s  
by 9 /  9 £n * in  E q u ation  34. U sing t h i s  e q u a tio n  w ith  th e  m o d if ic a t io n  
j u s t  m en tion ed , a ^ is  a d ju s te d  to  th e  v a lu e  n e c e s s a r y  to  have th e  
t h e o r e t i c a l  f r a c t io n  o f  A, F^, become eq u al to  th e  ex p er im en ta l f r a c t io n  
o f  A, f^ .
The computer programs fo r  th e  LAPS h ie r a r c h y  o f  ord ers 0 and 1 , 
and h ig h e r  a r e  a v a i la b le  through th e  ASIS N a t io n a l A u x ilia r y  P u b lic a t io n  
S e r v ic e  (1 1 5 ) .
I t  was found t h e o r e t i c a l ly  (103) th a t  in  o rd er  fo r  th e  low
order (m/=  0 and 1) ap p roxim ation s o f  th e  LAPS h ie r a r c h y  to  h o ld , a
and s  fo r  th e  two c o n s t i t u e n t s  o f  th e  copolym er sh o u ld  n o t  d i f f e r
a p p rec ia b ly  from each  o th e r . E x p er im en ta lly , how ever, fo r  a l l  th e
n a tu r a lly  o c c u r r in g  amino a c id s  in  w a ter  in v e s t ig a t e d  to  d a te  u s in g  the
LAPS h ier a rch y  (9 2 , 9 6 -1 0 2 ) ,  th e  f i r s t - o r d e r  ap proxim ation  (m '= 1)
was found to  b e  n o t  o n ly  q u it e  a d eq u a te , b u t gave  in  m ost c a se s  th e
same r e s u l t s  as th e e x a c t  trea tm en t (m = N ) . The v a lu es  o f  a (tak en
as tem perature in d ep en d en t) in  th e s e  s tu d ie s  ranged from 1 x 10
_2
fo r  g ly c in e  to  1 x  19 fo r  g lu ta m ic  a c id ,  and s  a t  20°C ranged from
0 .6  to  1 .4  fo r  g ly c in e  and g lu ta m ic  a c id ,  r e s p e c t iv e ly .  The "host"  
p o ly p e p tid e  used  in  th e s e  s tu d ie s  was e i t h e r  poly[N ^ -  (3^ -h yd roxy-  
p r o p y l)-L -g lu ta m in e ]  or  p o ly  [N^- (4 '-h y d r o x y b u ty l) -L -g lu ta m in e ]  
w hich have a and s  v a lu e s  a t  20°C o f  o= 2 .8  x 10 or 6 .8  x  10 and 
s= 0 .9  7 or 1 .0 2 ,  r e s p e c t iv e ly .
The assu m p tion , u sed  in  th e LAPS h ie r a r c h y , th a t  th e  s t a t i s t i c a l  
w e ig h ts  fo r  th e  two c o n s t i t u e n t s  a re  in d ep en d en t o f th e  n a tu r e  o f  th e ir
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n eigh b ors i s  s t r i c t l y  th e  s im p le s t  assum ption  th a t  co u ld  b e made. 
However, th e  r e s u l t s ,  w here p r o te in s  w ere c o n s id e r e d  (1 1 6 -1 1 8 ) ,  
s u g g e s t  th a t  th e  assu m p tion  o f  in d ependence i s  a very  good f i r s t -  
ord er ap p rox im ation . To t e s t  t h is  a ssu m p tion  fu r th e r  w ith  s y n th e t ic  
p o ly p e p t id e s ,  Scheraga  and co-w orkers (92) made copolym ers o f  
p o ly  [N  ̂ - ( 3 ' -h yd roxyp rop yl)-L -g lu tam in e](P H P G ) and p o ly  [N^ -  ( 4 ' -  
h yd roxyb uty l)-L -g lu tam in e](P H B G ) w ith  d i f f e r e n t  g u e s t /h o s t  r a t i o s .
I f  the assum ption  i s  i n v a l i d ,  then  d i f f e r e n t  a and s  v a lu e s  w ould b e  
found fo r  th e d i f f e r e n t  g u e s t /h o s t  r a t i o s .  Even though th e  PHPG 
c o n te n t  ranged from  6% to  82%, no d if f e r e n c e s  in  th e  e x p e r im e n ta lly  
determ ined  a and s  v a lu e s  f o r  th e  two amino a c id s  co u ld  b e  d e te c te d .  
T h is  may have been  due to  th e  c lo s e  s i m i l a r i t y  in  s t r u c tu r e  o f  th e  two 
s id e  ch a in s a lth o u g h  t h e i r  t r a n s i t io n  tem p eratu res d i f f e r  by 40°C .
The assum ption  th a t  th e  copolym ers a re  random i s  n o t c r i t i c a l .
T h is  h as been dem onstrated  by Lehman and McTague (119 ) who have com­
p a r e d  random and M arkoffian  d is t r ib u t io n s  fo r  th e  same f^  and found  
l i t t l e  d i f f e r e n c e s .  A ls o ,  Poland and S ch eraga  (1 2 0 ,1 2 1 )  have computed 
d e t a i le d  h e l i c a l  p r o b a b il i t y  p r o f i l e s  fo r  a g iv e n  random seq u en ce  fo r  
v a r io u s  d eg rees  o f  c o a r s e  g r a in in g  o f  th e  se q u e n c e . C oarse g r a in in g  i s  
a tech n iq u e  in  w h ich  th e  p o ly p e p t id e  i s  s e e n  to  c o n s i s t  o f  b lo c k s  o f  
A and B u n i t s ,  w hich  a re  each  M u n it s  lo n g . The A and B b lo c k s  are  
then each c o n s id e r e d  as a p se u d o u n it , A'  and B'  r e s p e c t i v e ly ,  thus 
e f f e c t i v e l y  red u cin g  th e  le n g th  o f  th e  m o lec u le  from N to  N/M u n i t s .
The d egree o f  c o a r se  g r a in in g  was found to  make l i t t l e  d i f f e r e n c e  i f
1 /2th e g r a in  s i z e  was much l e s s  than th e  c o r r e la t io n  le n g th  (^  o ) .
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The LAPS h ie r a r c h y , even th e  low ord er a p p ro x im a tio n s , appears to  
be q u it e  adequate in  th e  s tu d y  o f  th e  h e l i x - c o i l  t r a n s i t io n  o f  
n a tu r a lly  o c c u r r in g  amino a c id s .  I t  has now b een  th orou gh ly  t e s t e d  
(9 2 ,  9 6 -1 0 2 ) ,  and i t  appears p rob ab le  th a t  t h is  method w i l l  become 
sta n d a rd  fo r  th e  e v a lu a t io n  o f  a and s o f  random cop o lym ers.
The v a lu e  o f  a and s  a t  2 0 °C in  w ater  fo r  th e  amino a c id s  
d eterm ined  to  d a te  by S ch eraga  and co -w o rk ers( 9 2 ,  9 6 -102 ) a re  shown 
in  T ab le 3 . The ta b le  a ls o  g iv e s  th e  LAPS h ie r a r c h y  approxim ation  used  
in  th e  c a l c u l a t i o n s . In a l l  c a lc u la t io n s  a was taken  as tem perature  
in d ep en d en t. A g e n e r a l tren d  i s  apparent from th e  t a b le ,  th a t  i s ,  as 
th e  v a lu e  o f  s  in c r e a s e s  th e  v a lu e  o f  a a l s o  in c r e a s e s .  T h is  trend  
i s  b e t t e r  i l l u s t r a t e d  in  F ig u re  3 as a p lo t  o f  -  £n o v s .  £n s  fo r  th e  
ten  amino a c id s  shown in  T ab le 3 . The e r r o r  b a rs  shown in  th e  f ig u r e
T ab le 3 . a and s  v a lu e s  o f  amino a c id s  d eterm ined  to  d a te
in  w a ter  a t  20°C (9 2 ,9 6 -1 0 2 )
Amino A cid a x  10^ a S f bm R eferen ce
Gly 0 . 1 0 .5 9 1 96
Ser 0 .7 5 0 .7 6 1 98
V al 1 0 .9 3 1 101
Glu, pH 8 .0  C 6 0 .9 7 1 102
PHPG d 2 .8 0 .9 7 0 92
PHBG C 6 .8 1 .0 2 0 92
A la 8 .0 1 .0 7 0 97
Phe 18 1 .0 8 1 100
Leu 33 1 .1 4 1 99
Glu, pH 2 .3 100 1 .35 1 102
a . tem perature in d ep en d en t v a lu e s
b . LAPS h ie r a r c h y  approxim ation  used  ( s e e  t e x t )
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c . in  0 .1  N KC1
d . p o ly  [N  ̂ -(3 " -h y d r o x y p r o p y l)-L -g lu ta m in e ]
e .  p o ly  - (4 '-h y d r o x y b u ty l) -L -g lu ta m in e ]
a re  an e s t im a te  o f  th e  e r r o r s  in  th e  ex p er im en ta l param eters m easured. 
The dashed arrows fo r  s e r i n e ,  v a l in e  and g lu ta m ic  a c id  a t  pH 8 .0  
are used to  i l l u s t r a t e  th a t  v a lu e s  o f  a much l e s s  than th e  v a lu e s  
rep o rted  in  T ab le 1 , can f i t  th e  ex p er im en ta l d a ta  j u s t  as a d eq u ate ly  
as th e  rep o rte d  v a lu e s .  The s t r a ig h t  l i n e  drawn through th e p o in t s  
h a s a s lo p e  o f  - 8 . 6  and an in t e r c e p t  o f  7 .6 .  The sta n d a rd  d e v ia t io n  
and th e  c o r r e la t io n  c o e f f i c i e n t  o f  t h i s  l i n e  i s  0 .6 7  and 0 .9 5 ,  
r e s p e c t iv e ly .  Thus, a c o r r e la t io n  betw een  a and s can be g iv e n  
e m p ir ic a lly  by
£n o = 8 .6  to  s  -  7 .6  (35)
In an a ttem p t to  show w hat m ight c o n tr ib u te  to  th e  c o r r e la t io n  
found e x p e r im e n ta lly  betw een  o and s ,  g r e a te r  a t t e n t io n  was p a id  to  
the ends o f  h e l i c a l  seq u en ces  by expanding th e  s i z e  o f m atrix  in  
E quation 14 . T h is  la r g e r  m a tr ix  was then u sed  to c a l c u la t e  0(N) by  
E quation 18 a s  a fu n c t io n  o f  N and s  fo r  a g iv e n  v a lu e  o f  o . These  
s e t s  o f c a lc u la t e d  0(N) w ere th en  f i t  by a le a s t - s q u a r e s  f i t t i n g  
r o u tin e  w ith  a new s e t  o f  a and s ' s  to  th e  s ta n d a rd  Zimm-Bragg 0(N) 
eq u a tio n  (E q u ation  1 9 ) .  The new s e t  o f  f i t t e d  a and s ' s  w ere then  
p lo t t e d  a s  - I n  a v s .  £n s  to  s e e  i f  a c o r r e la t io n  betw een  o and s 
co u ld  b e d e te c te d .
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F igu re 3 . E xperim enta l c o r r e la t io n  betw een  th e  Zimm-Bragg 
h e l i x - c o i l  t r a n s i t io n  param eters a and s a t  20°C in  w ater fo r  
n in e  amino a c id s .  The amino a c id s , from l e f t  t o  r ig h t ,  are g ly c in e ,  
s e r in e ,  v a l in e ,  g lu ta m ic  a c id  a t  pH 8 .0 ,  PHPG, PHBG, a la n in e ,  
p h e n y la la n in e , le u c in e ,  and g lu tam ic  a c id  a t  pH 2 .3 .
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2 .2  M atrix  F orm u lation s
L et us f i r s t  c o n s id e r  th e n e a r e s t  rieighbors to  th e  l e f t  and 
to th e  r ig h t  o f  r e s id u e  i  in  th e  polym er c h a in . A l l  th e  p o s s ib le  
co m b in a tio n s, o f  w hich th e r e  a re  e i g h t ,  o f  th r e e  r e s id u e  seq u en ces  
each h a v in g  two s t a t e s  can b e  accommodated by a 4 x  4 s t a t i s c a l  
w eig h t m a tr ix  T h is  m a tr ix  can b e  r e p r e se n te d  as
i  + 1
i - 1
1 /2
1/2  1 /2
L et us d e f in e  a number m a s  th e  number o f  n ea r -n e ig h b o r  r e s id u e s  to
r e s id u e  i  co n s id e r e d  in  m a tr ix  J£, in  t h is  c a s e  m = 2 .  U sing th e
d e f in i t i o n s  o f  h e l i c a l  and c o i l e d  s t a t e s  a s  o u t l in e d  in  th e in tr o d u c t io n ,  
th e s t a t i s t i c a l  w e ig h ts  fo r  t h is  m a tr ix  and th e  fo l lo w in g  la r g e r  
m a tr ic es  have b een  chosen  as fo l lo w s :
a) A s t a t i s t i c a l  w e ig h t  o f  s  o r  a ^ m i s  a s s ig n e d  to  r e s id u e  i  i f  r e s id u e
i  i s  in  th e  h e l i c a l  s t a t e ,  s  i s  a s s ig n e d  i f  a l l  o th e r  n ear
n eigh b or r e s id u e s  c o n s id e r e d  in  are in  th e  h e l i c a l  s t a t e ;  
o th e r w is e , o ^ m i s  a s s ig n e d .
b) A s t a t i s t i c a l  w e ig h t  o f  1 i s  a s s ig n e d  to  r e s id u e  i  i f  r e s id u e  
i  i s  in  th e  c o i l e d  s t a t e .
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S in c e  th e r e  a re  o n ly  e ig h t  p o s s ib l e  co m b in ation s o f  c ' s  and 
h 's  in  a th r e e  r e s id u e  seq u en ce , th e  s u g g e s t io n  o f  u s in g  a  3 x  3 m a tr ix  
in s te a d  o f  th e  4 x 4  m a tr ix  sh o u ld  b e  c o n s id e r e d . A p ro ced u re  fo r  
red u cin g  a m a tr ix  s i z e  has b een  i l l u s t r a t e d  by P o lan d  and Scheraga  (122) . 
They s t a t e  th a t  two c o n d it io n s  a r e  r e q u ir e d  in  o rd er  fo r  a  co n tra c ­
t io n  o f  a m a tr ix  to  tak e p la c e  w ith o u t  l o s s  o f  in fo r m a t io n . F i r s t ,  
th e r e  m ust b e  a redundancy in  a s s ig n in g  th e  s t a t i s t i c a l  w e ig h t  to  a 
co n fo rm a tio n , th a t  i s ,  th e  t o t a l  c o r r e la t io n  im p lie d  in  th e  m a tr ix  
s i z e  i s  n o t  r e q u ir e d  fo r  th e  a ssig n m en t o f  th e  s t a t i s t i c a l  w e ig h t .
S econ d , th e  c o n tr a c t io n  m ust b e  a b le  to  b e  made s im u lta n e o u s ly  in  
co rresp o n d in g  p o s i t i o n s  in  th e  in d e x  rcw s and in d ex  colum ns, w ith o u t  
lo s in g  th e  in fo rm a tio n  to  a s s ig n  c o r r e c t ly  a l l  th e  s t a t i s t i c a l  
w e ig h ts  in v o lv e d  in  th e  c o n t r a c t io n .  Thus, w h i le  th e  m a tr ix  s u p p lie s  
us th e  fo l lo w in g  p o s s i b i l i t i e s
i - 1  i  i+ 1
c c  h
c c  c
the s i n g l e  p o s s i b i l i t y
i - 1  i  i+ 1
c c  hUc
would b e  ad eq u ate  to  a s s ig n  th e  s t a t i s t i c a l  w e ig h t  o f  1 to  r e s id u e  i .  
The n o ta t io n  hUc means " e ith e r  h or c" . The reduced  4 x 4  m a tr ix , a 
3 x 3  m a tr ix , now becomes
i + 1 h c hUc
i - 1 i h h c
h h s a1 /2 o
h c o o 1
c hUc o 1 /2 a 1 /2 1
(37)
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T h is j^(3) m a tr ix  i s  th e  same 3 x 3  s t a t i s t i c a l  w e ig h t  m a tr ix  used  by 
L ifs o n  and R oig ( 6 3 ) .
2 .3  End E f f e c t s
We now h a v e  to  d eterm in e  th e  c o r r e c t  p roced u re f o r  ta k in g  accou n t
o f  th e  polym er ch a in  e n d s . For t h is  th r e e  r e s id u e  ca se  we can n o t
u se  th e  3 x 3  s t a t i s t i c a l  w e ig h t  m a tr ix  J£(3) fo r  r e s id u e s  1 and N
b e c a u se  n o th in g  e i t h e r  p receed s or fo l lo w s  t h e s e  r e s id u e s ,  r e s p e c t i v e ly .
I t  i s  on ly  p o s s ib le  fo r  r e s id u e  1 to  i n i t i a t e  a h e l i c a l  s e q u e n c e . T here
are a maximum o f  fo u r  p o s s i b l e  d i f f e r e n t  s t a t i s t i c a l  w e ig h ts  th a t
co u ld  b e a s s ig n e d  to  r e s id u e  1 , h ow ever, we h ave o n ly  two d i f f e r e n t
1/2w e ig h ts  to  ch o se  from , a and 1. The s t a t i s t i c a l  w e ig h t  m atr ix  
fo r  r e s id u e  1, ^ ( 3 ) ,  m ust conform  to  th e  3 x 3  m a tr ix , J ^ O ) ,  o f  
r e s id u e  2 .  ^ ( 3 )  i s ,  t h e r e f o r e ,  a row m a tr ix  w ith  th r e e  e le m e n ts .
2 h c hue
1 h h c
hUc Q I
—* — N3 o1 /2 1
(38)
R esidue N i s  n o t  fo llo w e d  by any o th e r  r e s id u e ,  and s o  i t  too
can have on ly  a maximum o f  fo u r  d i f f e r e n t  s t a t i s t i c a l  w e ig h t s . As
1/2b e fo r e ,  th e r e  are o n ly  two d i f f e r e n t  w e ig h ts  to  ch o se  from , a and
1 . The conform ing  problem  w ith  o f  r e s id u e  N - l  r e q u ir e s  th a t
U^(3) b e a column m a tr ix  w ith  th r e e  e le m e n ts , and thus
= N - l N hUc
h h o i n
h c 1
c hUc 01 /2  H
(39)
4- 1
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1 /2The l a s t  elem ent in  th e  colum n, a + 1 ,  a r i s e s  from th e  f a c t  th a t  
both  s t a t e s  fo r  r e s id u e  N , h and c ,  must b e  accou n ted  fo r  when r e s id u e  
N -  1 i s  in  the c o i le d  s t a t e ,  c .
I t  can b e  s e e n  by in s p e c t io n  th a t  th e  end s t a t i s t i c a l  w e ig h t  
m a tr ic e s ,  ^ ( 3 )  and { ^ ( 3 ) ,  can b e  rep la c e d  by
^ ( 3 )  = (a112 a1 /2  1) = ( o o 1)
and
= J* U (3) (40)
1/2’ s  o o
j^ (3 )  = c o l  ( o 1 / 2 , 1 ,  o1 /2  +  1) = (  o o 1
O1 ^2 o1 /2  1,
C s  o o \  >  °oX n  i )
(
= ^ (3 ) J (41)
In  g e n e r a l th e  end e f f e c t s  f o r  t h is  n e a r e s t -n e ig h b o r  c a se  as
w e l l  as th e su b seq u en t la r g e r  n ea r -n e ig h b o r  c a s e s  can b e accou n ted  fo r
*
by ch o o sin g  th e  J and J m a tr ic e s ,  w hose e lem en ts  are  0 and 1 ,
*
a p p r o p r ia te ly . J , a rcw m atrix  o f  order m +  1 , i s  ch o sen , such  th a t ,
th e  row o f U(m +  1) w hich  h as a l l  r e s id u e s  p rece ed in g  i  in  th e  c o i le d
*
s t a t e  i s  e x tr a c te d  when p r e m u lt ip l ie d  by J . J ,  a column m a tr ix  o f
ord er m + 1, i s  ch o sen , so  t h a t ,  th e  columns o f  J£(m +  1) w hich  have
r e s id u e  i  +  1 in  the c o i l e d  s t a t e  a re  e x tr a c te d  and added to g e th e r  when
p o s tm u lt ip lie d  by J .
The reduced s t a t i s t i c a l  w e ig h t  m a tr ic e s ,  Ĵ J(m + 1 ) ,  o f  h igiher  
*
ord er a lon g  w ith  m, J and J a r e  g iv en  in  Appendix A.
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2 .4  C om putations
E quation 14 was used  to  compute th e  p a r t i t i o n  fu n c t io n , Q(N) ,
*
u s in g  th e  a p p ro p r ia te  JJ(m +  1) , J and J m a tr ic e s  f o r  th e  v a r io u s  
n ea r-n e ig h b o r  m od els . In  E quation  11 , N -  3 was r e p la c e d  by N -  m 
aid used to  c a lc u la t e  0(N) . ( 3 £n Q(N) /  3 £n s ) o f  E quation  11 was 
computed u s in g  E quation  18 .
In order to  c o n se r v e  com puter tim e in  th e s e  c a l c u la t io n s ,  th e
A
method o f  m a tr ix  sq u a r in g  was u sed . The g e n e r a to r  m a tr ix  in  E quation  
18 was m u lt ip l ie d  by i t s e l f  and th e  p rod u ct s e t  eq u a l to  a new m a tr ix
A A A
J£. T h is  B m atrix  was th en  s e t  eq u a l to  and th e  c y c le  was rep ea ted
u n t i l  a chosen  v a lu e  o f  N was rea ch ed . Each c y c le  increm ented  N byJ new
A ^
The p rod u ct m a tr ix  j|5 was then p r e m u lt ip l ie d  by J (J2 0) and s e t
A A
equal to  £ .  Q(N) was e x tr a c te d  by postm ul t ip  ly in g  £  by c o l  (J2 Q) J .
A
(3  Q (N )/ 3 £n s)w as e x tr a c te d  by p o s tm u lt ip lin g  £  by c o l  J-
B ecause o f  th e  m a tr ix  sq u a r in g  tech n iq u e  u se d , N was ch osen  to  
b e 32, 64, 128 , 256 , 512 and 1024 fo r  each  v a lu e  o f  s .  Polym ers w ith  
d egrees o f  p o ly m e r iz a t io n , or  N, in  t h is  range h ave  u s u a lly  been  used  
to  d eterm ine ex p er im en ta l v a lu e s  o f  a and s .  A lthough ex p er im en ta l 
v a lu es  o f  s  vary from 0 .6  to  1 .4 ,  i t  was n e c e s s a r y  to  in c r e a s e  th e  
range o f  s from 0 .2  to  6 .0 .  The reason  fo r  t h is  i s  b e c a u se  th e  f r a c t io n  
h e l i x ,  0(N) , c a lc u la t e d  becom es l e s s  s e n s i t i v e  to  s  as th e  s i z e  o f  
Ĵ (m + 1) in c r e a s e s .  The v a lu e  o f  a u sed  in  th e  c a lc u la t io n s  v a r ie d  
from 1 .0  to  0 .0 0 0 1 .
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A s e t  o f  0(N) v s .  N was c a lc u la te d  u s in g  g iv e n  v a lu e s  o f  a 
and s .  A new o and s  was computed from t h i s  s e t  by a le a s t - s q u a r e  
f i t t i n g  tech n iq u e , d e sc r ib e d  in  appendix B, to  th e  Zimm-Bragg eq u a tio n  
(62) fo r  0(N) g iv e n  as
6(N) = [ s / ( N -  3 ) ]  { [ (N -  2) A '/  XQ + (A ' -  1 ) /  (Ao- s ) ] A oN“ 2 
X (Ao- s )  +  [ (N -  2) X^/X1 +  (1  -  A£) /  ( s  -  A ^ ]  x A^“ 2 
X (s  -  Ax) } /  [A^-2  (Aq -  s )  + A^"2 ( s  -  Ax) ] -  [ s / (N - 3 ) ]
X [(A ' -  A .) /  -  A J ]  (42a)o 1 o 1
where A = 1 /2  { (1  +  s )  ± [ (1  -  s ) 2 +  4 o s ] 1 /2  } (42b)0 ,1
and A' = ( 3 A . . / 9  s )  (42c)o , l  v 0 ,1
The i n i t i a l  s  used in  J£(m + 1) was in crem en ted , and an oth er  s e t  o f  
0(N) v s .  N was computed h o ld in g  th e  i n i t i a l  a c o n s ta n t . A d d it io n a l a 
and s ' s  were f i t  to  t h i s  new d a ta . The p roced u re was co n tin u ed  u n t i l  
th e  s o f  J£(m + 1) had v a r ie d  from 0 .2  to  6 .0 .  The new s e t  o f  f i t t e d  o and 
s ’s  was then p lo t t e d  a s  -£ n  a v s . £n s . The o o f  jj (m +1) was 
in crem en ted , and a new p lo t  was c a lc u la te d  in  a s im ila r  manner. P lo t s  
o f t h is  type w ere c a lc u la te d  fo r  each s u c c e s s iv e ly  la r g e r  s t a t i s t i c a l  
w eig h t m atr ix .
2 .5  R e su lts
F igu re 4 shows th e  r e s u l t s  o f  th e  f i t t i n g  c a l c u la t io n s ,  w ith  o=
0 .0 0 0 5 , as p lo t s  o f  -£ n  a '  v s .  in  s '  fo r  th e  e ig h t  expanded m a tr ic e s  
exam ined. The prim es on o '  and s '  a re  to  d is t in g u is h  th e  f i t t e d  
param eters from th e  s t a t i s t i c a l  w e ig h t param eters in  th e  expanded m a tr ic e s ,
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F igure 4 .  C a lc u la te d  c o r r e la t io n s  betw een  o '  and s '  us 
th e  ,y(10) (arrow ) through ^J(3) s t a t i s t i c a l  w e ig h t m a tr ic e s  to  
compute th e  f r a c t io n  h e l i c a l  c o n te n t  fo r  a = 0 .0 0 0 5 . The 
h o r iz o n ta l  l i n e  i s  th e  Zimm-Bragg trea tm en t.
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Ĵ(m + 1) . The dashed l i n e s  fo r  th e  JJ(9) and JJ (10) s t a t i s t i c a l  
w e ig h t m a tr ic e s  in  th e f ig u r e  a re  th e  a n t ic ip a t e d  sh apes o f  th e  cu rves  
in  th e  reg io n  o f  £n s '  betw een  0 .0 2  and 0 .1 5 .  The d i f f i c u l t y  in  
f i t t i n g  th e  cu rves in  t h is  r e g io n  i s  due to  a v ery  la r g e  v a lu e  o f  (9 F / 9 s ' ) ,  
s e e  E quation  B -7 , Appendix B. L arge v a lu e s  o f  (3 F / 9 s ' )  r e s u l t  in  
u n d erflow s when s o lv in g  th e  s e t  o f  s im u lta n eo u s  e q u a tio n s  o f  E quation  
B -6 , Appendix B.
A ll  th e  p lo t s  in  F ig u re  4 show s im i la r  cu rv a tu re  and sh a p e . A ls o ,
two g e n e r a l typ es o f  b eh a v io r  a re  o b se r v a b le  in  th e s e  p l o t s .  F i r s t
for  s '  s m a ll ,  s '  seem s to  reach  an a sy m p to tic  l i m i t ,  s'” . . T h is3 * * mxn
minimum v a lu e  fo r  s '  in c r e a s e s  w ith  in c r e a s in g  m a tr ix  s i z e .  Second ,
a t  la r g e  v a lu e s  o f  s  ' ,  s '  > 1 .3  or £n s '  > 0 .2 6 ,o '  seem s to  reach  an
a sy m p to tic  l i m i t ,  o '  . T h is l i m i t in g  v a lu e  fo r  o '  appears to  bej6 f max
a fu n c t io n  o f  th e  m a tr ix  s i z e ,  o '  in c r e a s e  s l i g h t l y  w ith  in c r e a s in g
f max
m atrix  s i z e .  B e s id e s  t h i s  l i m i t in g  o '  v a lu e ,  a l l  th e  cu rves show& y max
a maximum o ' v a lu e .  T h is  o '  v a lu e  i s  s l i g h t l y  sm a lle r  than o 'max max °  J £ , max
As w ith  o '  , o '  in c r e a s e s  w ith  in c r e a s in g  m atrix  s i z e .£ , max max
I n c r e a s in g  th e im portance o f  th e  ends o f  h e l i c a l  seq u en ces  in  th e
polym er c h a in , in c r e a s in g  (m +  1 ) ,  appears to  in c r e a s e  th e  c o r r e la t io n
betw een o 'and s  ' .  T h is c o r r e la t io n ,  dependence o f  o 'on  s ' ,  in c r e a s e s
w ith  in c r e a s in g  m a tr ix  s i z e  up to  a m a tr ix  s i z e  o f  7 x  7 ,  J^(7) .
In c r e a s in g , th e  m atrix  s i z e  a f t e r  t h is  p o in t  does n o t appear to  a f f e c t
the dependence o f  o 'on  s '  in  th e  r e g io n  o f  £n s '  betw een  - 0 .2 0  and
0 .1 3 .  As m entioned e a r l i e r ,  b o th  s '  and o '  a re  s t i l l  m a tr ix  s i z emin max
dependent.
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
41
F ig u re  5 shows p lo t s  o f  -Jin o '  v s .  Jin s '  f o r  th e  U (10) m a tr ix
as a fu n c t io n  o f  a.  As m igh t b e e x p e c te d  th e  d ependence o f  a '  and s '
d e c r e a se s  w ith  in c r e a s in g  a in  th e  r e g io n  o f  Jin s '  betw een  - 0 . 3
and 0 . 2 .  I t  i s  i n t e r e s t i n g  to  n o te  t h a t  a '  i s  u n e f f e c t e d  by o'Jl, m ax
S^. , h ow ever, i s  d ep en d en t on a and in c r e a s e s  w ith  d e c r e a s in g  o ' .  mxn
A com parison o f  th e  p l o t s  o f  0 vs . Jin s  b etw een  th e  Zimm-Bragg
trea tm en t and th e  expanded m a tr ix  trea tm en t i s  shown in  F ig u re  6 fo r
o= 0 .0 0 0 5  and N = 1 0 2 4 . The m ost n o t ic e a b le  e f f e c t  o f  th e  new trea tm en t  
i s  a s h i f t  in  th e  h e l i x - c o i l  t r a n s i t i o n  from  Jin s  = 0 .0  fo r  th e  Zimm- 
Bragg trea tm en t to  h ig h e r  v a lu e s  o f  Jin s  f o r  th e  expanded m a tr ix  
trea tm en t. The t r a n s i t io n  o c c u r e s  a t  Jin s  = 0 .1 4  fo r  th e  )£(5) 
m a tr ix  and a t  Jin s  = 0 . 3 7  fo r  th e  j (̂ 10) m a tr ix .
B ecause o f  th e  g r e a te r  a t t e n t io n  b e in g  p a id  to  th e  ends o f  
h e l i c a l  se q u e n c e s , th e  h e l i x - c o i l  t r a n s i t i o n  sh a rp en s  a s  th e  m a tr ix  
s i z e  in c r e a s e s .  T h is  can b e  s e e n  from F ig u r e  6 . The f ig u r e  a ls o  
g iv e s  some c lu e s  a s  to  why a dependence o f  o '  and s '  m ight a r r i s e  
from th e  expanded m a tr ix  tr e a tm e n t . By d e f in in g  q u a n i t ie s  r and R a s
r = | Jin s ( 0 .9 5 )  -  Jin s ( 0 . 5 ) |  ______
| Jin s (0 .0 5 )  -  Jin s ( 0 .5 )  |
and R = r  expanded m a tr ix  . . .
r  Zimm-Bragg
w here Jin s (a ) i s  th e  v a lu e  o f  Jin s  w h ich  g iv e s  a v a lu e  o f  a f o r  0, 
a q u a l i t a t iv e  e s t im a te  o f  th e  dependence o f  a on s  can b e  shown. T ab le  
4 g iv e s  th e se  q u a n it ie s  f o r  th e  cu rv es  shown in  F ig u re  6 .
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F igure 5 . C a lc u la te d  c o r r e la t io n s  betw een  o '  and s '  us 
th e  U (10) s t a t i s t i c a l  w e ig h t m a tr ix  w ith  a = 0 .0 0 0 1  (a rrow ), 
O.OOX 0 .0 1 ,  0 .1 ,  and 1 .0 .
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F igu re 6 . H e l i x - c o i l  t r a n s i t io n  cu rves fo r  th e  Zimm- 
Bragg trea tm en t, u s in g  th e  4 /(5 ) s t a t i s t i c a l  w e ig h t m a tr ix , and 
th e 4 /(10) s t a t i s t i c a l  w eig h t m a tr ix  w ith  o = 0 .0 0 0 5 .
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T ab le  4. r and R v a lu e s  
( s e e  t e x t )
fo r  th e  ciirves shown in  F ig u re  6
M atrix r R
Z.B. 1 .2 3 6 1
u<5) 1 .4 3 3 1 .1 6
SJ(io) 2 .3 6 1 .9 1
As m entioned e a r l i e r  th e  cu rve fo r  th e  J£(5) m a tr ix  in  F ig u re  4 
shows l e s s  dependence o f  o '  on s '  than does th e  cu rve fo r  th e  1 1 ( 1 0 ) 
m a tr ix . The v a lu e s  o f  R in  T ab le  4 in c r e a s e  from 1 fo r  th e  Zimm-Bragg 
trea tm en t to  1 .1 6  fo r  th e  ]£(5) m atr ix  to  1 .9  fo r  th e  U (10) m a tr ix .
Thus, a q u a l i t a t iv e  s ta te m e n t about R seem s r e a so n a b le , th a t  i s , as R 
becom es in c r e a s in g ly  g r e a te r  than 1 , th e  dependence o f  o '  on s '  in c r e a s e s .
A fte r  comparing th e  c a lc u la te d  f i t t e d  cu rves o f  F ig u re  4 w ith  
th e ex p er im en ta l c o r r e la t io n  cu rve o f  F ig u r e  3 ,  i t  was d ec id ed  th a t  
the cu rv es fo r  th e  j^(4) m a tr ix  and th e  JJ(5) m a tr ix  seem  to  f i t  the  
ex p er im en ta l c o r r e la t io n  curve b e s t .  In  o rd er  to o b ta in  a b e t t e r  f i t  
w ith  th e  ex p er im en ta l curve some m o d if ic a t io n s  to  th e s t a t i s t i c a l  
w e ig h ts  chosen  fo r  th e s e  m a tr ic e s  w ere exam ined.
The f i r s t  m o d if ic a t io n  t e s t e d  u s in g  th e  J£(5) m a tr ix  was th e  
rep lacem en t o f  some o f  th e  o ^ ^  s t a t i s t i c a l  w e ig h t  in  JJ(5) by s .
This rep lacem en t o ccu rred  w henever r e s id u e s  i ,  i - 1  and i - 2  w ere a l l  in  
the h e l i c a l  s t a t e  r e g a r d le s s  o f  th e  s t a t e s  o f  r e s id u e s  i - 3  or i+ 1 . The
i s  a s  fo l lo w sr e s u lt a n t  U(5)
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g<5)Mod 1
s „ 1 / 4  O S o o o
o o o o 1
1 /4  o s c 1 /4 s o o o
o o 1 / 4 c 1 / 4 o o
o a 1 / 4 o o 1 / 4 1
(4 5 )
The ]^' m a tr ix  o f  ]̂J rem ained a s  d e f in e d  b y  E q u a tio n  18 in  th e  in tr o d u c t io n .  
The e f f e c t  o f  t h i s  m o d if ic a t io n  i s  shown i n  F ig u r e  7 fo r  th e  cu rve  
la b e le d  Ĵ C5 ) ĵ ocj T h is  m o d if ic a t io n  c a u se s  a d e c r e a se  in  th e  c o r r e la t io n  
betw een o '  and s '  . I t  a l s o  g iv e s  a s l i g h t  n e g a t iv e  c o r r e la t io n  
betw een  o '  and s '  in  th e  r e g io n  o f  £n s '  b etw een  - 0 .5  to  0 .0
The n e x t  m o d if ic a t io n  a ttem p ted  was to  k eep  U(5) a s  d e f in e d  by  
m o d if ic a t io n  1 , E quation  4 5 , b u t to  r e p la c e  }£' w ith
s  o o o o
r < 5>Mod 2 (46 )
O
.
The r e s u l t  o f  th is  secon d  m o d if ic a t io n  i s  shown in  F ig u re  7 la b e le d
1 /4
0 ( 5 ) w , T h is  secon d  m o d if ic a t io n  c a u se s  an in c r e a s e  in  th e  Mod 2
c o r r e la t io n  betw een  o '  and s^ and i s  in  th e  d ir e c t io n  d e s ir e d .
A th ir d  m o d if ic a t io n  was exam ined . In  t h i s  c a s e  a l l  th e  a
1 /4in  J^(5) w ere re p la c e d  by a s .  The U' m a tr ix  was k ep t as d e f in e d  in
m o d if ic a t io n  2 , E quation  4 6 . A fu r th e r  in c r e a s e  in  th e  c o r r e la t io n
betw een  o '  and s  '  i s  ob served  a s  shown in  F ig u r e  7 , cu rve la b e le d  U (5)_. ,'b Mod J
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F ig u re  7 . C a lc u la te d  c o r r e la t io n s  betw een  a '  and s '  u s in g  
th e  ,y (5 ) m o d if ic a t io n  3 (a rro w ), (5 ) m o d if ic a t io n  2 , ( 5 ) ,  and 
th e  ,y (5 ) m o d if ic a t io n  1 s t a t i s t i c a l  w eigh t m a tr ix  and a = 0 .0 0 0 5 .  
The dashed l i n e  i s  th e  e m p ir ic a l c o r r e la t io n  found in  F ig u re  3 .
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M o d if ic a t io n s  2 and 3 w ere a ls o  em ployed on th e  J£(4) m atrix  g iv in g  
th e  m o d ified  m a tr ic e s  a s
m o d if ic a t io n  2 , JJ^M od 2
s 1 /3  0  s 0 0
0 0 0 1
c 1 / 3 c m 0 0
0 o 1 / 3 o 1 / 3 1
(4 7 )
and m o d if ic a t io n  3, U(4) Mod 3
s 1 /3a s 0 0
0 0 0 1
1 /3a s 1 /3  0 s 0 0
0 1 /30  s 1 /3a s 1
(4 8 )
The r e s u l t s  o f  th e se  m o d if ic a t io n s  a re  shown in  F ig u re  8 . As w ith  
th e  J^(5) m a tr ix , th e  m o d if ic a t io n s  ca u se  an in c r e a s e  in  th e  c o r r e la t io n  
betw een o '  and w ith  m o d if ic a t io n  3 h a v in g  th e  g r e a te r  e f f e c t .
F igu re 9 i s  a p lo t  o f  0 v s .  An s  fo r  th e  Zimm-Bragg m a tr ix  
trea tm en t and th e  2  matr:*-x  tr e a tm e n t. The graph shows th e
e f f e c t  o f  in c r e a s in g  o from 0 .0 0 0 5  to  0 .0 0 5  in  both  m a tr ix  tr e a tm e n ts .  
As w ith  th e  Zimm-Bragg m a tr ix  trea tm en t, th e  Mod 2 m atr^x  t r e a t ­
ment shows in c r e a s in g  c o o p e r a t iv i t y  w ith  d e c r e a s in g  a . U n lik e  the  
Zimm-Bragg trea tm en t, h ow ever, th e  1^(4)^^  2  " ^ t r ix  trea tm en t has a 
s h i f t  in  th e  h e l i x - c o i l  t r a n s i t io n .  The v a lu e  o f  An s ( 0 .5 )  s h i f t s  
from 0 .0 8 0  fo r  0 = 0 .0 0 0 5  to  0 .1 7 2  fo r  0= 0 .0 0 5 .  S im ila r  e f f e c t s  w ere  
ob served  fo r  th e  o th e r  expanded m a tr ic e s .
I t  i s  now o f  in t e r e s t  t o  lo o k  a t  th e  a b i l i t y  o f  th e  Zimm-Bragg 
m atrix  trea tm en t to  f i x  th e  expanded m a tr ix  tr e a tm e n t. One m easure o f
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F igure 8 . C a lcu la ted  c o r r e la t io n s  betw een  o '  and s '  u s in g  
th e  1, (̂4) m o d if ic a t io n  3> J£(4) m o d if ic a t io n  2 , and th e  J£(4) s t a t i s t i c a l  
w eigh t m atr ix  w ith  a = 0 .0 0 0 5 . The dashed l in e  i s  th e  e m p ir ic a l  
c o r r e la t io n  found in  F ig u re  3 .







U (4 )  MOD 3 
U (4 )  MOD 2  
U (4 )
Z.B.
0.4 - 0.2 0 0.2LN s
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F igu re  9 . H e l ix - c o i l  t r a n s i t io n  cu rv es  fo r  th e  Zimm- 
Bragg tr e a tm e n t, and u s in g  th e  JJ(4) m o d if ic a t io n  2 s t a t i s t i c a l  
w eigh t m a tr ix  w ith  a = 0 .0 0 5  and 0 .0 0 0 5 .
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o f  th e  good n ess o f  f i t  i s  th e  u n b iased  e s t im a te  o f  th e  stan d ard
A  dN
d e v ia t io n ,  o , E quation  B -1 0 , Appendix B. o does n o t a l lc w ,  
h ow ever, the d ir e c t  com parison o f  one p o in t  on th e  -An o ' v s .  An s '  
p lo t  w ith  a n o th e r . A b e t t e r  com parison can b e a c h ie v e d  by lo o k in g  
a t  a d im e n s io n le s s  q u a n ity  c a l l e d  th e  c o e f f i c i e n t  o f  v a r ia t io n  ( 1 2 8 ) ,  
v d e f in e d  by
v = a /  y (49)
w here y i s  th e  mean v a lu e  o f  th e  ob served  q u a n t ity  y ,  in  t h i s  c a s e ,  0 .
T ab le  5 g iv e s  th e  c o e f f i c i e n t s  o f  v a r ia t io n ,  v , and th e  p e r c e n t  
d e v ia t io n s  in  o '  and s '  f o r  s e v e r a l  p o in ts  a lo n g  th e  -An o '  v s .  An s '  
cu rve fo r  th e  3  ™ atrix . The d e v ia t io n s  in  o '  and s '  w ere
c a lc u la te d  u s in g  E quation  B - l l  o f  A ppendix B.
T ab le  5 . C o e f f i c i e n t s  o f  v a r ia t io n ,  v , and th e  
p e r c e n t d e v ia t io n  in  o '  and s '  fo r  th e
Mod 3 m a tr ix , 0 = 0 .0 0 0 5  ( s e e  t e x t ) .
s s '
% d e v ia t io n 3  
in  s ' a 'x  1 0 ^
% d e v ia t io n 3  
in  0 ' v3x 1 0 ^
0 . 2 0 .6 1 7 0 .7 4 0 .0 0 2 7 3 .0 8 2 .0 3
0 .4 0 .6 5 7 0 .4 4 0 .0 5 1 2 .0 4 1 .5 1
0 . 6 0 .7 1 7 0 .3 4 0 .3 0 0 1 .9 9 1 .9 3
0 . 8 0 .8 0 3 0 . 2 1 1 . 1 1 1 .8 5 2 .8 7
1 . 0 0 .9 3 1 0 . 0 2 2 .9 2 0 .4 7 1 .5 1
1 . 2 1 .0 8 8 0 .0 7 5 .2 9 2 .6 7 5 .5 8
1 .4 1 . 2 2 0 0 .3 7 9 .1 6 1 3 .5 4 9 .0 0
1 . 6 1 .3 0 7 0 .3 9 9 .1 6 1 9 .9  7 5 .9 4
1 . 8 1 .3 6 2 0 .3 7 7 .99 2 1 . 6 6 3 .92
2 . 0 1 .4 0 4 0 .3 5 7 .1 1 2 2 .9 6 9 .9 2
2 . 2 1 .4 3 7 0 .3 5 6 .5 2 2 4 .2 4 2 .3 9
2 .4 1. 465 0 .3 5 6 . 1 0 2 5 .5 2 2 .0 8
a . A l l  d e v ia t io n s  are  one stan d ard  d e v ia t io n
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I t  can b e  se e n  from T ab le  5 th a t  th e  a b i l i t y  t o  f i t  s '  i s  e x c e l l e n t
over th e  e n t ir e  range o f  th e  c u r v e . The a b i l i t y  to  f i t  o '  , on
the o th e r  hand, i s  p o s i t io n  dependent on th e  -An o ' v s .  In s '  c u r v e .
o '  h as a good f i t  in  th e  r e g io n  o f  th e  -An a ' v s .  An s '  p lo t  near
s '  = 1 , An s '  -  0 . A f a i r  f i t  o f  o '  i s  a c h ie v e d  n ear  s '  . , and amin
poor f i t  i s  o b ta in ed  in  th e  r e g io n  o f  s '  > 1 .3 ,  An s '  > 0 .2 6 .  The 
c o e f f i c i e n t s  o f  v a r i a t i o n ,  v ,  in d ic a t e  th a t  th e  c a lc u la te d  6  u s in g  
th e  f i t t e d  param eters i s  w it h in  two to  th r e e  s i g n i f i c a n t  f ig u r e s  o f  
th e "observed" 0. S im ila r  v a r ia t io n s  in  th e  c a lc u la te d  param eters  
w ere o b served  fo r  th e  o th e r  m a tr ic e s  t e s t e d .
2 .6  D is c u ss io n
When th e  expanded s t a t i s t i c a l  w e ig h t  m a tr ic e s ,  J£(m +  1 ) ,
w ere f i r s t  p e r c e iv e d , o n ly  two d i f f e r e n t  s t a t i s t i c a l  w e ig h ts  fo r
r e s id u e  i  in  th e  h e l i c a l  s t a t e  w ere  c o n s id e r e d . T h is  s im p le  m odel
e n v is io n s ,  l i k e  p r e v io u s  m odels ( 6 1 - 6 3 ) ,  one s t a t i s t i c a l  w e ig h t ,  o ^ m,
a s  p u re ly  an en trop y  term  and th e  o th e r ,  s , a s  a f r e e  energy term .
Thus, and s co u ld  b e  w r it t e n  as
0 l /m  .  e 4 Sr e s /R  (50)
3nd AGres/R Ts  = e (51)
Asreg  i s  th e  en tro p y  change when a r e s id u e  g o es  from th e  c o i le d
s t a t e  to  th e  h e l i c a l  s t a t e .  ^ r e s  *-s  t îe  f r e e  energy  change o f  a
r e s id u e  g o in g  from th e  c o i l e d  to  th e  h e l i c a l  s t a t e  when a t  l e a s t  m
o f  i t s  n e ig h b o rs  a re  a lr e a d y  in  th e  h e l i c a l  s t a t e .  The entropy
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change, AS , sh ou ld  b e  n e g a t iv e  based  on th e  d e f in i t i o n s  o f  a 
c o i le d  and h e l i c a l  s t a t e ,  s e e  in tr o d u c t io n  above, and th u s , o ^ m 
sh ou ld  b e  ex p ecte d  to  b e  l e s s  than o n e .
A very rough e s t im a te  o f  AS fo r  an unperturbed p o ly ­
p e p tid e  ch a in  may b e c a lc u la te d  from th e  d ip e p t id e  co n fo rm a tio n a l 
energy map o f L -a la n in e  (6 7 ) .  The co n fo rm a tio n a l en tropy fo r  the  
unperturbed random c o i l  o f  p o ly (L -a la n in e )  has p r e v io u s ly  been  
c a lc u la te d  by B ran t, M il le r  and F lory  (67 ) u s in g  th e  eq u a tio n  (133)
S = R ta  Q +  <E> /T (52a)
where Q i s  th e  co n fo rm a tio n a l p a r t i t i o n  fu n c t io n  and <E> i s  th e  
average energy w hich  are  g iv e n  by
Q = ^ J exp [—E( (j>,iJj) /  RT] (52b)
<E> = Q- 1  |  J E( <p,ip) exp [-E ( <J>, ip) /  RT] (52c)
4> and ip were increm ented  by 1 0 ° in t e r v a l s  ov er  th e  e n t ir e  conforma­
t io n a l  map. The entropy fo r  th e  c o i le d  s t a t e ,  S c , a t  20°C was c a lc u la te d  
to  b e  lOeu.
The en trop y  fo r  the h e l i c a l  s t a t e ,  S^, was c a lc u la te d  in  
a s im ila r  fa s h io n . The <t>, \p a n g le s ,  in  t h i s  c a s e ,  w ere l im ite d  to a
narrow range around th e  <j>, ip a n g le s  fo r  th e  “- h e l i x ,  namely <}> = 1 1 0 ° -
1 3 0 ° , ip = 120° -  1 4 0 ° . As b e fo r e  th e  <J>, ip a n g le s  w ere increm ented  
by 10° in t e r v a l s .  S^ a t  20°C was then  c a lc u la te d  to  b e 4 eu . The 
en trop y  change fo r  t h i s  t r a n s i t io n ,  AS , i s  th e r e fo r e ,  AS =
I T  6 5  I T  e S
S, -  S = - 6  eu . I f  t h i s  unperturbed m odel was c o m p le te ly  c o r r e c t ,  h c
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a1/m would have a v a lu e  o f  0 .0 5 .  However, unperturbed c o n d it io n s
cannot be exp ected  to h o ld  fo r  th e  h e l i x - c o i l  t r a n s i t i o n ,  s in c e  
s o lv e n t  in t e r a c t io n s  p la y  an im portant r o le  in  th e  t r a n s i t io n  (6 1 ) ,  
e . g . ,  hydrogen bonding w ith  th e  p o ly p e p tid e  backbone. T hese c a l ­
c u la t io n s  are  on ly  meant a s  f i r s t - o r d e r  app rox im ation s fo r  th e
a was r a is e d  to  th e  1 /m tti power in  o rd er  to  try  and have some 
r e la t io n s h ip  to  th e  Zimm-Bragg a.  For exam ple, th e  seq u en ce  
cchhhccc would be a s s ig n e d  a w e ig h t o f  a s  by b o th  th e  J£(3) m atr ix  
trea tm en t and th e  Zimm-Bragg trea tm en t.
hydrogen bonds (6 1 -6 3 ) and hydrophobic in t e r a c t io n s  (6 1 , 1 2 9 -1 3 2 ) ,  
and h e n c e , i s  ex p ecte d  to  b e  s o lv e n t  and tem perature dependent. Thus, 
fo r  t h i s  s im p le  model o n ly  s  sh ou ld  b e s e n s i t i v e  to  environm ental 
c o n d it io n s ,  and cou ld  b e  l e s s  than , eq u a l to  or  g r e a te r  than one 
depending on th e s e  c o n d it io n s .
By u s in g  E quations 11 and 18 w ith  th e  expanded Jj(m +  1) m atr ix , 
only th o se  r e s id u e s  w hich  a re  in  the in t e r i o r  o f  a h e l i c a l  sequence  
a re  co n s id ered  to  b e  h e l i c a l .  For exam ple, u s in g  th e  j^(4) m a tr ix , 
th e  seq u en ce ccchhhhhcc would b e co n s id ered  to  b e  on ly  2 / 1 0  h e l i c a l  
in s te a d  o f 1 /2  h e l i c a l .  Or p u tt in g  i t  an o th er  w ay, on ly  2 /1 0  o f
m agnitude o f  a 1 /m
AGreg cou ld  be w r it t e n  in  terms o f  th e  r e s id u e  en th a lp y  change,
AH , and th e  r e s id u e  en trop y  change, AS , fo r  th e  t r a n s i t io n  as r es r e s
AG res  * (53)res
AIIreg i s  u s u a lly  co n s id ered  to  in c lu d e  such  s t a b l i z i n g  fo r c e s  as
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th e r e s id u e s  in  th e  ch a in  w ould b e  "observed" a s  b e in g  h e l i c a l .  Most
h e l i x - c o i l  t r a n s i t io n  s t u d ie s  o f  p o ly p e p t id e s  a re  done u s in g  o p t i c a l
r o ta to r y  m ethods. I t  sh o u ld  b e r e a so n a b le  to  assum e th a t  i f  th e  ends
o f  h e l i c a l  seq u en ces are  " f lo p p y " , then  th ey  w i l l  n o t  h ave th e  same
o p t ic a l  r o ta t io n  a s  th e  more r ig id  r e s id u e s  in  th e  i n t e r i o r  o f  th e
h e l i c a l  seq u en ce . H ence, th e s e  end r e s id u e s  w ould  n o t  b e  "observed"
to  b e  as h e l i c a l  a s  th e  in t e r i o r  r e s id u e s .
I t  i s  e v id e n t  from F ig u r e  4 th a t  some c o r r e la t io n  b etw een  o '
and s '  cou ld  be o b ta in ed  even  in  th e  c a s e  o f  th e  J£(3) m a tr ix . However,
none o f  th e  cu rv es in  F ig u r e  4 f i t  th e  e x p e r im e n ta l p o in t s  o f  F ig u re
3 over th e  e n t ir e  range o f  An s '  c o n s id e r e d . The cu rv es  computed u s in g
e i t h e r  the JJ(4) or J^(5) m atr ix  f i t  th e  ex p er im en ta l p o in t s ,  e rro r
b a rs in c lu d e d , in  th e  r e g io n  o f  Hn s '  b etw een  - 0 . 5  and 0 . 0 .  Beyond
£n s '  g r e a te r  than z e r o , none o f  th e  cu rv es  w ere  a b le  to  f i t  th e
exp er im en ta l d a ta .
In an attem pt to  o b ta in  a b e t t e r  f i t  u s in g  th e  J£(4) and J£(5)
m a tr ic e s ,  th e  m o d if ic a t io n s  d e s c r ib e d  in  th e  r e s u l t s  w ere exam ined .
By changing some o f  th e  s t a t i s t i c a l  w e ig h t s ,  a s  in  m o d if ic a t io n s  1
and 2 , in  ]^(4 ) and ^ (5 ) from a ^ m to  a ^ ms ,  in  e f f e c t  w hat was done
was to  make some p a r t ic u la r  co m b in a tio n s o f  c ’s  and h ’s  en v iro n m en ta l
s e n s i t i v e ,  i . e . ,  s o lv e n t  co m p o sitio n  and tem p era tu re  s e n s i t i v e .  In
p a r t ic u la r  w henever a th r e e  h e l i c a l  seq u en ce  o c c u r e d , i . e . ,  cch h h ccc ,
1 /4
the f i r s t  two h e l i c a l  r e s id u e s  w ere a s s ig n e d  th e  u su a l w e ig h t  o f  a ,
1 /4in  th e c a se  o f  J£(5) , and th e  th ir d  was a s s ig n e d  a w e ig h t  o f  a s .
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3/4Or fo r  t h i s  seq u en ce , th e  w e ig h t  o f  0  s  w ould  b e  a s s ig n e d  in s t e a d ,
3 /4as b e fo r e ,  j u s t  a w e ig h t  o f  o . T h is cou ld  b e  in te r p r e te d  as b e in g  
an en th a lp y  in c r e a s e  a f t e r  one turn  o f  th e  h e l i x  i s  a c h ie v e d ,  
p o s s ib ly  a hydrogen bond.
The s t a t i s t i c a l  w e ig h t  o f  a ^ ms  was chosen  in s te a d  o f  s  b e c a u se ,  
a lth o u g h  some en th a lp y  m ight b e  g a in ed  from one turn o f  th e  h e l i x ,  
a d d it io n a l  en th a lp y  co u ld  b e ga in ed  when a fo r th  r e s id u e  down th e  
seq u en ce  was co n verted  in t o  th e  h e l i c a l  s t a t e .  At th a t  t im e , hydrophobic  
in t e r a c t io n s ,  fo r  exam p le , cou ld  b e p o s s ib le  betw een  th e  s id e  ch a in s  
o f  r e s id u e  i  and r e s id u e  i  -  3 . T h is  type o f  s id e  ch a in  in t e r a c t io n  
i s  o b v io u s ly  an over s im p l i f i c a t io n  b eca u se  n o t  a l l  amino a c id  s i d e  
ch a in s  a re  ca p ab le  o f  such hydrophobic in t e r a c t io n s .  The s id e  ch a in  
o f  L -a la n in e , fo r  exam ple, i s  n o t lo n g  enough fo r  such  in t e r a c t io n s .  
L -g lu ta m a te 's  s id e  ch ain  i s  lo n g  enough, b u t i t  c a r r ie s  a n e g a t iv e  
charge and would a c t u a l ly  have u n fa v o ra b le  n ea r -ra n g e  in t e r a c t io n s .
However, i f  we remember how th e ex p er im en ta l d a ta  o f F ig u re  3 w ere  
o b ta in e d , fa v o r a b le  n ea r -ra n g e  in t e r a c t io n s  become f e a s i b l e  even w ith  
th e s e  amino a c id s .
The "host"  used  in  th e s e  exp erim en ts was e i t h e r  p o ly  [N**-(3'- 
h y d ro x y p ro p ly )-L -g lu ta m in e] o r  p o ly  [N^-04 ''-h y d r o x y b u ty l)-L -g lu ta m in e ] .
S in c e  th e  f r a c t io n  o f  th e  " g u e st" , th e  d e s ir e d  amino a c id ,  was lo w , 
th e p r o b a b il i ty  o f  a "guest"  b e in g  fou r r e s id u e s  down from a " host"  
i s  h ig h . A ls o , th e s id e  ch a in  o f  th e  "host"  i s  lo n g  enough to  b e  a b le  
to in t e r a c t  w ith  a " g u e st" , even L -a la m in e , fo u r  r e s id u e s  down th e  c h a in .
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Thus, s id e  chain  h ydrophob ic i n t e r a c t io n s ,  hydrogen bonding and 
e l e c t r o s t a t i c  in t e r a c t io n s  becom e p o s s i b l e .
^ m atrix , d id  n o t
in c r e a s e  th e  c o r r e la t io n  b etw een  o '  and s '  o v e r  th e  u n m odified  JJ(5) 
m a tr ix , b u t a c t u a l ly  d e c r e a se d  i t .  The d e c r e a se  in  c o r r e la t io n  i s  n o t  
d i f f i c u l t  to  e x p la in  b a sed  on th e  p r e v io u s  r e s u l t s  o f  F ig u re  4. As 
more r e s id u e s  a t  th e  ends o f  h e l i c a l  seq u en ces  are  c o n s id e r e d  to  b e  
" flo p p y " , by expand ing U(m + 1) , th e  c o r r e la t io n  betw een  o '  and 
s '  in c r e a s e s .  With m o d if ic a t io n  1 , a c t u a l ly  l e s s
r e s id u e s  a t  the ends o f  h e l i c a l  seq u en ces  a re  c o n s id e r e d  to  b e  " flop py"  
and h e n c e , th e c o r r e la t io n  betw een  o '  and s '  d e c r e a s e s .  For t h i s  
reason  m o d if ic a t io n  2 and 3 w ere  exam ined.
I t  i s  s e e n  in  b o th  F ig u res  7 and 8 , th a t  m o d if ic a t io n s  2 and 3 
in c r e a s e  th e  c o r r e la t io n  b etw een  o '  and s '  o v e r  th e  unm odified  
m atrix  trea tm en t. In th e  U(m + g m a tr ix  a l l  th e  s t a t i s t i c a l
w e ig h ts  fo r  r e s id u e  i  in  th e  h e l i c a l  s t a t e  in c lu d e  an en th o lp y  term . 
M o d if ic a t io n  3 i s  f e l t  to  b e l e s s  a c c u r a te  as a model fo r  t r e a t in g  
th e a - h e l i x - t o - c o i l  t r a n s i t i o n  than m o d if ic a t io n  2 . M o d if ic a t io n  3 
i s  in c lu d e d  on ly  as an "upper l im it"  on th e  amount o f  c o r r e la t io n  
betw een  o '  and s '  w h ich  may b e  o b ta in e d  from  a g iv e n  m atrix  s i z e .
In com paring th e  cu rv es  o f  F ig u r e s  7 and 8  w ith  th e  ex p er im en ta l 
data  o f  F ig u re  3 , a l l  th e  cu rv es appear to  f i t  th e  data e q u a lly  w e l l .
As m entioned  b e fo r e  none o f  th e  cu rv es f i t  th e  d ata  p a s t  £n s '  g r e a te r
As se e n  from  F ig u r e  7 , m o d if ic a t io n  1 ,  JJC5X
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than z e r o . Changing th e  v a lu e  o f  a u sed  in  J£(m + 1) w ould n o t appear
to  in f lu e n c e  th e s e  c o n s lu s io n s  v ery  much. As shown in  F igure 5 ,
the -An o '  v s .  An s '  cu rv es  w ould b e  s h i f t e d  e i t h e r  up, d e c r e a s in g
a , or down, in c r e a s in g  o , in  th e  r e g io n  o f  An s '  l e s s  than z e r o .
Changing th e  v a lu e  o f  o does n o t  appear to  a f f e c t  th e  cu rves in  th e
reg io n  o f  An s'* g r e a te r  than zero  very  much.
L ifs o n  and R oig  (63) have shown, in  th e  c a s e  o f  J0(3), th a t  th e
t r a n s i t io n  p o in t  fo r  la r g e  N, th e  v a lu e  o f  s  w h ich  g iv e s  6 = 0 . 5 ,
1/2i s  a t  s  =1 + o , in s te a d  o f s  = 1 a s  in  th e  Zimm-Bragg trea tm en t
( 6 2 ) .  The d i f f e r e n c e  co u ld  b e  tr a c e d  to  th e  d i f f e r e n t  ways o f  a s s ig n in g
th e s t a t i s t i c a l  w e ig h ts  in  J£. They p lo t t e d  th e  e ig e n v a lu e s  o f  J^(3)
1/2A( 3 ) ,  a g a in s t  s  fo r  v a r io u s  v a lu e s  o f  a . B y  s o  d o in g , th ey  found
th a t th e  t r a n s i t io n  occu rred  in  th e  v i c i n i t y  w here th e  v a lu e  o f  A^
and A  ̂ d e v ia te d  from t h e ir  a sy m p to tic  v a lu e s ,  in  th e  l i m i t  o ,
1/2to  an ex ten d  dependent on th e  v a lu e  o f  o . S in c e  th e  s o lu t io n s  
to  th e  s e c u la r  eq u a tio n  o f  m a tr ix  JJ(3) c o u ld  n o t  b e o b ta in ed  d i r e c t l y ,  
the A v s .  s  p lo t s  w ere c a lc u la t e d  d ir e c t ly  from th e  s e c u la r  e q u a t io n .
In a l i k e  manner, i t  can b e  shown fo r  m a tr ix  J,K4), th a t  th e
1 /3t r a n s i t io n  p o in t  o ccu res  a t  s  = 1 +  o . The s e c u la r  eq u a tio n  o f  
m a tr ix  J^(4) , A = A ( 4 ) ,  i s
(A -  s ) (A3  -  A2  -  o 1 / 3  A -  o 2 /3 ) - a = 0  (54a)
R earranging and s o lv in g  fo r  s  g iv e s
s  = A -  [o  /  (A3  -  A2  -  o 1 / 3  A -  o 2 /3 )J  (54b)
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
In F igure 10 , A (4) i s  p lo t t e d  from t h is  e q u a tio n , fo r  two v a lu e s  o f
1 /3  1 /3  1 /3o , a = 0 . 1  and a = 0 .0 1 .  The dashed l in e s  in d ic a t e  the
1 /3a sy m p to tic  b eh a v io r  o f  A (4) in  th e  l i m i t  a 0 . I t  can c le a r ly
b e seen  th a t  th e  two la r g e s t  e ig e n v a lu e s ,  A^, and A2 » d e v ia te  from
1 /3t h e ir  a sy m p to tic  v a lu e s  to  an e x te n t  dependent on th e  v a lu e  o f  a
1 /3Thus, the t r a n s i t io n  p o in t  i s  ex p e c te d  to  b e  n ea r  s  = 1 + a
I f  t h is  b eh a v io r  h o ld s  fo r  any o f  th e  J£(m + 1) m a tr ic e s ,  th en , 
in  g e n e r a l ,  th e  t r a n s i t io n  p o in t  fo r  m a tr ix  U(m + 1 )  i s  a t  s  = 1 + a ^ m. 
F igure 6  shows th a t  th e  t r a n s i t io n  fo r  m atrix  J^(5) occu res a t  £ns = 0 .1 4  
or s  = 1 .1 5 ,  and th a t  f o r  JJ(10) o ccu res a t  £n s  = 0 .3 7 ,  o r  s = 1 .4 5 .  
S in c e  in  th e s e  cu rv es  a = 0 .0 0 0 5 ,  th e ex p ected  t r a n s i t io n  p o in ts  are  
c a lc u la te d  to  b e  s  = 1 .1 5  and 1 .4 3  fo r  th e  JJ(5) and JJ(10) m a tr ic e s ,  
r e s p e c t iv e ly .  T h is  i s  e x c e l l e n t  agreem ent w ith  th e  curves o f  
F igure 6 .
The p e c u lia r  a sy m p to tic  b e h a v io r  ob served  in  a l l  o f  th e  -  £n o '
v s .  £n s '  p lo t s  c a lc u la te d  may b e e x p la in a b le  by lo o k in g  a t  th e
t r a n s i t io n  cu rves o f  F ig u re  9 . I t  can b e se e n  in  t h i s  f ig u r e  th a t
Mod 2 trans;*-t:*-on curve i s  alw ays l e s s  than th e  Zimm-Bragg
t r a n s i t io n  curve fo r  a g iv e n  v a lu e  o f  a .  A lso , th e  U (4 )w , „ cu rves
'b  M od  L
l e v e l  o f f  more q u ick ly  than does th e  Zimm-Bragg c u r v e s . The reason
fo r  the low er v a lu e s  and f l a t t e r  cu rves o f  the U (4 )w . 0  p lo t  a t  the'b Mod 2
extrem es o f  th e t r a n s i t io n  i s  b e c a u se , as s t a t e d  e a r l i e r ,  on ly  the  
r e s id u e s  in  th e in t e r io r  o f  a h e l i c a l  seq u en ce a re  counted  as b e in g  
h e l i c a l .  The ends o f  h e l i c a l  seq u en ces a re  n o t  "observed" as b e in g





-0.5 0 05 1.0 1.5
8
F igu re 10. E ig e n v a lu e s , X (4 ), ° f /§ h e  J£(4) s t a t i s t i c a l  
w eig h t m a tr ix  p lo t t e d  a g a in s t  s  w ith  a = 0 . 1  ( s o l i d ) ,  0 . 0 1  
(d o t-d a sh e d ) , 0  (d a sh e d ).
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h e l i c a l .  T h ere fo r e , th e  polym er w i l l  n ev er  b e  "observed" to  b e  100% 
h e l i c a l .  A lso  i t  w i l l  b e  "observed" to  approach 0% h e l i c i t y  more 
r a p id ly , than a polym er whose ends o f  h e l i c a l  seq u en ces can b e  
" observed " .
As can b e se e n  from th e  two Zimm-Bragg cu rv es a t  sm a ll v a lu e s  
o f  s ,  An s <0 , a low er v a lu e  o f  o ca u ses  th e  t r a n s i t io n  curve to  
a t t a in  low er v a lu e s  o f  0  more q u ic k ly ,  as o b serv ed  from r ig h t  to  
l e f t ,  than th e  h ig h e r  v a lu e  o f  o . I t  sh ou ld  b e  e x p e c te d , th e r e fo r e ,  
th a t 2  would  b e  f i t  more e a s i l y  w ith  m o d if ic a t io n s  in  o '
than in  s  A ls o , sm a ll v a lu e s  o f  o '  w ould b e  re q u ir e d  to  f i t  th is  
f l a t  reg io n  o f  th e  JJ(4) cu rv e . T h is  i s  e x a c t ly  what i s  o b serv ed .
At the o th er  end o f  th e  t r a n s i t io n  cu r v e , la r g e  v a lu e s  o f  s ,  An s> 0 , 
th e  h ig h e r  v a lu e s  o f  o and low er v a lu e s  o f  s  in  th e  Zimm-Bragg t r e a t ­
ment ca u ses  a low er v a lu e  o f  0. However, s in c e  th e  J^0(j 2  curve  
l e v e l s  o f f  more r a p id ly  than th e  Zimm-Bragg trea tm en t, low er v a lu e s  
o f o '  a re  req u ired  to  f i t  th e  2  c u r v e * A. compromise i s  met
and th e f i t t i n g  becomes in s e n s i t i v e  to  b oth  o '  and s '  . T h is in se n ­
s i t i v i t y  to  o '  can b e s e e n  a ls o  from T ab le 5 a s  la r g e  v a lu e s  o f  th e  
p e r c e n t d e v ia t io n  in  o '  .
I t  appears a t  t h is  tim e th a t  no one s im p le  th eory  fo r  th e  h e l i x -  
c o i l  t r a n s i t io n  when f i t  to  th e  Zimm-Bragg th eory  w i l l  reproduce th e  
ex p er im en ta l c o r r e la t io n  found betw een  o and s  o v er  th e  e n t ir e  e x p e r i­
m ental range o f  s ,  s  betw een  0 .6  and 1 .3 5 .  However, as shewn from  
th e se  r e s u l t s ,  end e f f e c t s  a re  im portant in  e x p la in in g  th e c o r r e la t io n  
in  th e  reg io n  o f  s betw een  0 .6  and 1 .2 .  The r e s u l t s  o f  th e
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m o d if ic a t io n s  to  th e  JJ(4) and JJ(5) m a tr ic e s  may in d ic a t e  th e  p o s s ib le  
im portance o f n ea r -ra n g e  in t e r a c t io n s  in  th e  c o r r e la t io n .  M a x fie ld  
and Scheraga  (134) found fo r  charged  s id e  c h a in  amino a c id s  th a t  the  
p r o b a b il i ty  to  b e  h e l i c a l ,  la r g e r  s  v a lu e s ,  i s  enhanced g r e a t ly  when 
an amino a c id  whose s id e  ch a in  i s  o p p o s i t e ly  charged  i s  fo u r  r e s id u e s  
away. A ls o , i f  one lo o k s  a t  th e  e x p e r im e n ta lly  d eterm ined  s  v a lu e s  
fo r  a la n in e ,  p h e n y la la n in e , l e u c in e  and g lu ta m ic  a c id  a t  pH 2 . 3 ,  
t h e ir  seem s to  b e  a c o r r e la t io n  betw een  th e  d eg ree  o f  hydrophobic  
c h a r a c te r  o f  th e  amino a c id  s id e  ch a in  and th e  v a lu e  o f  s .  In  
g e n e r a l ,  th e  more hydrophob ic a s id e  ch a in  i s ,  th e  la r g e r  i t s  s  v a lu e  
w i l l  b e . T h is  seem s to  in d ic a t e  th e  im portance o f  hydrophob ic in t e r ­
a c t io n  in  th e  h e l i x - c o i l  t r a n s i t io n .
K eeping th e s e  o b se r v a t io n s  in  m ind, th e   ̂ roatrix
treatm en t appears to  b e  a b e t t e r  m odel fo r  th e  h e l i x - c o i l  t r a n s i t io n  
in  p o ly p e p t id e s ,  than does th e Zimm-Bragg trea tm en t o r  th e  o th e r  
expanded m a tr ix  tr e a tm e n ts . However, as s t a t e d  above, t h is  m odel 
i s  s t i l l  to o  s im p l i f i e d  to  accou n t fo r  th e  e n t i r e  c o r r e la t io n  found  
e x p e r im e n ta lly  betw een  o and s .
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CHAPTER 3 POLY (y-HYDRQXY-L-PROLINE)
3 .1  In tr o d u c t io n
As m entioned e a r l i e r  in  C hapter 1 g ly c in e  c o n s t i t u t e s  about on e-  
th ir d  o f  th e  amino a c id  r e s id u e s  o f  a l l  c o l la g e n s  w hether v e r te b r a te  
or in v e r te b r a te ,  in d ep en d en t o f  th e  s p e c i e s .  The reason  fo r  t h i s  i s  
c o l la g e n 's  unusual th r e e  le f t -h a n d e d  h e l i c e s ,  t w is t e d  r ig h t-h a n d e d ly  
about each  o th e r .  G ly c in e  o c c u p ie s  th e  in t e r i o r  p o s i t io n s  o f  t h is  
s u p e r h e lix  in  w hich  no o th e r  amino a c id  i s  a llo w e d . C o lla g e n  i s  
fu r th e r  c h a r a c te r iz e d  by i t s  h ig h  p y r r o l id in e  c o n te n t  ( p r o l in e  p lu s  
h y d r o x y p r o lln e ) , w hich v a r ie s  from about 10 to  30% o f  th e r e s id u e s  
depending on th e  so u r c e .
The thermodynamic s t a b i l i t y  o f  th e  o rd ered  c o l la g e n  s tr u c tu r e  
a s  measured by th e  m e lt in g  tem perature o f  f ib e r s  immersed in  a la r g e  
e x c e s s  o f  w ater or o f  th e  in d iv id u a l  s o lu b i l i z e d  m o lec u le s  i s  depen­
dent on th e  t o t a l  p y r r o l id in e  c o n te n t .  The m e lt in g  or tra n sfo rm a tio n  
tem p era tu re , T^, in c r e a s e s  w ith  in c r e a s in g  p y r r o l id in e  co n ten t  
(1 3 5 -1 3 8 ) . I t  h as b een  su g g e s te d  (135) th a t  th e  in c r e a s in g  m e ltin g  
tem perature cou ld  be cau sed  by a d e c r e a se  in  th e  en trop y  o f  fu s io n  
th a t  w ould b e  ex p ec te d  to  accompany th e  in c r e a s e d  c o n c e n tr a t io n s  
o f  t o t a l  p r o l in e  and h y d r o x y p r o lin e . The m e lt in g  tem perature  
w i l l  b e dependent on th e  p r o p e r t ie s  o f  both  p h ases and co n seq u en tly
62
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on th e  n a tu re  o f  th e  d iso r d e r e d  ch a in  s t r u c tu r e  as w e l l  a s  th e  ord ered  
one. The in c r e a s in g  c o n c e n tr a t io n  o f  p y r r o l id in e  r in g s  in  th e  ch a in  
can be ex p ec te d  to  su p p r e ss  th e  c o n f ig u r a t io n a l  freedom  o f  th e  m o lec u le  
in  th e  d iso r d e r e d  s t a t e .  A low er en trop y  o f  fu s io n  w ould r e s u l t  i f  
th e  c r y s t a l l i n e  s t a t e  was u n a f fe c t e d ,  and co n seq u en tly  th e  m e lt in g  
tem perature would in c r e a s e .  The c o n f ig u r a t io n a l  p r o p e r t ie s  o f  th e  
d iso r d e r e d  s t a t e  o f  a m acrom olecu le can govern  to  a la r g e  e x te n t  i t s  
thermodynamic s t a b i l i t y ,  r e l a t i v e  to  th e  ord ered  s t a t e  ( 1 3 9 ) .
E s s e n t ia l ly  a l l  th e  h y d ro x y p ro lin e  i n  t i s s u e s  o f  v e r te b r a te s  
i s  found in  c o l la g e n ,  and h y d ro x y p ro lin e  a cco u n ts  fo r  about 1 0 % o f  
th e  t o t a l  amino a c id  r e s id u e s  in  m ost c o l la g e n s .  The c o l la g e n  
p o ly p e p tid e  c h a in s  can b e w e l l  r e p r e se n te d  as  r e p e a t in g  t r ip e p t id e s  
o f  g ly c in e -X -Y . Of th e  12% p r o l in e  c o n te n t  in  r a t  and c a l f  s k in  
c o l la g e n ,  9 7% was found t o  occupy p o s i t io n  X ( 1 4 0 ) .  A ls o , o f  th e  
approxim ate 1 1 % h y d r o x y p r o lin e  c o n te n t  in  c o l la g e n  from  th e  same 
s o u r c e , 99% was found to  occupy th e  Y p o s i t io n  (1 4 0 ) .  I t  i s  w e l l  
known th a t  p r o l in e  r e s id u e s  a re  h y d ro x y la ted  a f t e r  p o ly p e p t id e  
ch a in  s y n th e s is  by an enzym e, c a l l e d  p r o ly l  h y d r o x y la se , w hich  a c ts  
s p e c i f i c a l l y  a t  th e  Y p o s i t io n  (1 4 1 );  h e n c e , th e  uneven d i s t r ib u t io n  
o f  p r o lin e  and h y d r o x y p r o lin e  r e s id u e s .  To d a te ,  h ow ever, th e r e  i s  
l i t t l e  in fo r m a tio n  a s  to  th e  fu n c t io n a l  r o le  o f  h y d ro x y p ro lin e  in  
c o l la g e n .
H yd roxy la ted  p r o lin e  was found to  in c r e a s e  th e  therm al s t a b i l i t y  
o f  c o l la g e n  and c o l la g e n  l i k e  s t r u c tu r e s  ( 1 4 2 -1 4 8 ) .  The m e ltin g  
tem p eratu re, T , o f  p r o to c o lla g e n , a n o n -h y d ro x y la ted  form o f  c o l la g e n
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(1 4 2 ) ,  from ch ic k  em bryonic tendon c e l l s  was found to  be Iff C low er  
than th e  o f  an h y d ro x y la ted  form o f  c o l la g e n  from th e  same so u rce
(1 4 3 ) .  A ls o , th e  m e lt in g  tem p eratu res o f  s e q u e n t ia l  p e p tid e s
O
(P ro-H yp-G ly)^ , where x  * 5 and 10 , were found to  be about 35 C 
h ig h er  than th e  n on -h yd roxy la ted  s e q u e n t ia l  p e p tid e s  (1 4 6 -1 4 8 ) .
A t h ir d ,  independent s e r ie s  o f  o b se r v a t io n s  in d ic a t in g  a r o le  fo r  
h y d ro x y -p ro lin e  came from therm al t r a n s i t io n  s tu d ie s  on cyanogen  
bromide c le a v a g e  fragm ents o f  c o l la g e n .  The therm al t r a n s i t io n  
o f  a cyanogen bromide c le a v a g e  fragm ent o f  c o l la g e n  was h ig h er  
than  th e  therm al t r a n s i t io n  o f  a cyanogen bromide p e p tid e  w hich was 
id e n t ic a l  ex ce p t th a t  i t  co n ta in ed  1 . 8  r e s id u e s  l e s s  o f  hydroxy­
p r o lin e  (1 5 8 ) . A s u g g e s t io n  fo r  h y d r o x y p r o lin e 's  r o le  in  
s t a b i l i z i n g  th e  t r i p l e  h e l i x  con form ation  was put fo r th  by Traub 
(149) and Ramachandran e t  a l .  (1 5 0 ) .  They proposed an in t r a ­
ch a in  w ater b r id g e  in v o lv in g  th e  OH o f  h y d ro x y p ro lin e  and th e  
carb on y l oxygen o f  th e  p o ly p e p tid e  backbone.
In an attem pt to  understand  th e  r o le  o f  h y d ro x y p ro lin e  in  c o l ­
la g e n , th e  s tu d y  o f  s y n th e t ic  homopolymers o f  both  p r o lin e  and hy­
d ro x y p ro lin e  was u n dertak en . P o ly  (y -h y d r o x y -L -p r o lin e )  was 
f i r s t  s y n th e s iz e d  by Kurtz e t  a l .  (1 5 1 , 152) through an O -a c e ty l-N -  
ca rb o x y h y d ro x y -L -p ro lin e  anhydride in te r m e d ia te . P o ly  (y -h y d ro x y -  
L -p r o lin e )  i s  v ery  w ater s o lu b le ,  b u t u n lik e  p o ly ( L - p r o l in e ) , i s  n o t  
p r e c ip it a t e d  from aqueous s o lu t io n  by h e a t in g  or by t r ic h l o r o a c e t i c  a c id  
(1 5 3 -1 5 6 ) .  I t  i s  in s o lu b le  in  g l a c i a l  a c e t i c  a c id ,  c o ld  form ic a c id  
and d im ethylform am ide. I t  can be p r e c ip it a t e d  from aqueous s o lu t io n  by
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dim ethylform am ide. The s o l u b i l i t y  b eh a v io r  o f  P o ly  (-y-hydroxy-L- 
p r o lin e )  appears to  b e  determ ined  by th e  p resen ce  o f  f r e e  h y d r o p h ilic  
h yd ro x y l groups and th e  ab sen ce  o f  amide hydrogens ( 1 5 1 ) .  The 
s o l u b i l i t y  b eh a v io r  o f  p o ly (L -p r o lin e )  how ever, appears to  b e  d e te r ­
mined m ain ly  by th e  ab sen ce  o f  amide h y d ro g en s , and h en ce , i s  s o lu b le  
in  more n o n -p o la r  s o lv e n t s  and in  a l i p h a t i c  a c id s  (1 5 6 ) .
P o ly  (L -p r o lin e )  was observed  in  th e  s o l i d  s t a t e  to  e x i s t  
in  two d i f f e r e n t  ord ered  con form ation s ( 1 5 6 ) ,  d e s ig n a te d  form I  
and form I I .  Form I contains a c i s - p e p t id e  bond y ie ld in g  a r ig h t -
O
handed h e l i x  w ith  a t r a n s la t io n  o f  1 .9 0  A p er  r e s id u e  and a r o ta t io n  
o f  108° or 3 .3  r e s id u e s  p er  turn ( 2 ) .  Form I I  c o n ta in s  a tr a n s -  
p e p tid e  bond le a d in g  to  th e  form ation  o f  a le f t -h a n d e d  h e l i x  (41 ,
4 2 ) .  T his le ft -h a n d e d  h e l i x  has th r e e  r e s id u e s  per turn  and has an
O
a x ia l  t r a n s la t io n  o f  3 .1 2  A per r e s id u e .  T hus, i t  can b e  seen  th a t  
form I i s  th e  more compact s tr u c tu r e .
P o ly  (y -h y d r o x y -L -p r o lin e )  can a ls o  e x i s t  in  two m o d if ic a t io n s  
in  th e  s o l i d  s t a t e  (4 4 , 1 5 7 ) ,  d e s ig n a te d  A and B. U n lik e  th e  two 
forms o f  p o ly ( L - p r o l in e ) , on ly  one o f  th e  s tr u c tu r e s  i s  w e l l  d e f in e d .  
The X-ray p a tte r n  o f  p o ly  (y*-h ydroxy-L -prolin e) B e x h ib it s  o n ly  a few  
d if f u s e  r e f l e c t i o n s ,  and s o  i t s  s tr u c tu r e  has n o t b een  d e l in e a te d .
I t  co u ld  very  w e l l  r e p r e se n t  a d iso r d e r e d  s t a t e .  A vacuum u l t r a v i o l e t  
a b so rp tio n  spectrum  o f  an o r ie n te d  p o ly  (y -h y d r o x y -L -p r o lin e )  f i lm  
has been in te r p r e te d  (159) as ev id e n c e  th a t  th e  ch a in  con form ation  
in  form B i s  r e la te d  to  th a t  found in  p o ly (L -p r o lin e )  form I .
A n a ly s is  o f th e  more d e t a i le d  X-ray p a tte r n s  o b ta in ed  from p o ly -  
(y -h y d r o x y -L -p r o lin e )  A r e v e a ls  (44 ) th a t  th e  in d iv id u a l m o lecu lar
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ch a in s  a re  s im ila r  in  conform ation  to  th a t  found in  p o ly (L -p r o lin e )  
form I I .  P o ly (y -  h y d ro x y -L -p ro lin e ) A i s  a le f t -h a n d e d  h e l i x  w ith
O
an a x ia l  t r a n s la t io n  o f  3 .0 5  A p er  r e s id u e  and ap p roxim ately  th ree  
r e s id u e s  per tu rn . U n lik e  p o ly (L -p r o lin e )  form I I ,  how ever, th e r e  
are th ree  polym er c h a in s , a s  opposed to  on ly  one fo r  p o ly ( L - p r o l in e ) , 
in  th e  u n it  c e l l  r e la t e d  by a th r e e fo ld  screw  a x i s .  T hese ch a in s  a re
" h eld  to g e th er"  by OH ------ 0 in te r c h a in  hydrogen b o n d s. H ence, th e
ordered  s tr u c tu r e  o f  p o ly  (y -h y d r o x y -L -p r o lin e )  A r e q u ir e s  th ree  
in te r tw in e d  h e l i c a l  ch a in s very  s im ila r  to  th e  g e n e r a l requ irem ents  
o f  th e  ordered  c o l la g e n  s t r u c t u r e .
The two forms o f  p o ly (L -p r o lin e )  have a ls o  been  ob served  in  
d i lu t e  s o lu t io n  (1 5 3 , 1 6 0 -1 6 7 ) , and th e s e  forms a re  r e v e r s ib ly  
in te r c o n v e r te d  by a p p ro p r ia te  changes in  s o lv e n t  (1 6 2 ,1 6 3 , 1 6 7 ).
In  aqueous s o lu t io n s  o f  low io n ic  s t r e n g th ,  p o ly (L -p r o lin e )  e x i s t s  
in  th e  tra n s  c o n f ig u r a t io n , form I I .  The a d d it io n  o f  propanol or 
b u ta n o l to  a w a ter , a c e t i c  a c id  or  form ic a c id — polym er s o lu t io n  
in d u ces a coop erative c o n fo rm a tio n a l t r a n s i t io n  to  th e  more compact 
r ig h t-h a n d ed  h e l i c a l  con form ation  c o n ta in in g  a l l  c i s  amide lin k a g e s  
(1 6 0 ), form I .  E arly  e v id e n c e  fo r  th e  in te r c o n v e r s io n  o f  form I to  
form I I  was n o ted  by K urtz e t  a l .  ( 1 6 8 ) .  They ob served  th a t  p o ly -  
(L -p r o lin e )  as o b ta in e d  from i t s  p o ly m eriz in g  medium o f  p y r id in e
r i 2 5was on ly  s l i g h t l y  w ater  s o lu b le  and had a s p e c i f i c  r o t a t io n ,  [“ J D , 
o f  5 0 ° . T h is form o f  th e  polym er was l a t e r  id e n t i f i e d  as form I .
They a ls o  found th a t  t h i s  form (form  I) s lo w ly  mutaro t a t e s  to  a 
w a te r - s o lu b le  h ig h ly  le v o r o ta to r y  form (form  I I )  when p la ce d  in
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w a te r -p y r id in e  m ix tu r e s , a l ip h a t i c  a c id s ,  b e n z y l a lc o h o l ,  or  
c h lo r o e th a n o l.
U n lik e  p o ly ( L - p r o l in e ) , p o ly  (y -h y d r o x y -L -p r o lin e ) has n ot been
ob served  to  undergo an ordered  to  ordered  t r a n s i t io n .  P o ly  (y -
h y d ro x y -L -p ro lin e ) A undergoes a con fo rm a tio n a l change in  n e u tr a l
s a l t  s o lu t io n s  (1 6 0 ,1 7 4 ) and in  form ic a c id  w ith  l im it e d  w ater
co n ten t ( 1 6 9 ) ,  b u t th e  r e s u l t a n t  con form ation  does n o t appear to
25be ord ered . The s p e c i f i c  r o t a t io n ,  [a ]jj» o f  th e  polym er in c r e a se d
from about -4 0 0 °  in  w a ter  to  -1 6 8 °  in  a 6  M li th iu m  brom ide s o lu t io n
(160) b u t o n ly  to  -2 3 6 °  in  a 97 m ole % form ic a c id  s o lu t io n  (1 6 9 ) .
S im ila r  changes in  o p t ic a l - r o t a t io n  was ob served  fo r  p o ly (L -p r o lin e )
25
in  a li th iu m  brom ide s o lu t io n  (1 5 3 ) .  The s p e c i f i c  r o ta t io n  [«] 
in c r e a se d  from ap p rox im ately  -5 3 0 °  in  w ater  to  about -2 5 0 °  fo r  a 
s a tu r a te d  s a l t  s o lu t io n .
The hydrodynamic (1 5 3 , 154 , 160 161, 170) and o p t ic a l  (1 5 3 , 1 6 0 ,
161, 170-173) p r o p e r t ie s  o f  p o ly (L -p r o lin e )  form I I  in  co n cen tra ted  
aqueous s o lu t io n s  o f  c e r ta in  n e u tr a l s a l t s ,  n o ta b ly  ca lc iu m  c h lo r id e  
and l i th iu m  brom ide, has been s tu d ie d  e x t e n s iv e ly .  P o ly  (L -p r o lin e )  
form I I ,  as w e l l  a s  p o ly  (y -h y d r o x y -L -p r o lin e ) A, undergoes a 
co n form ation a l t r a n s i t io n ,  as measured by i n t r i n s i c  v i s c o i t y  and 
c ir c u la r  d ich ro ism , by th e  iso th e r m a l a d d it io n  o f  ca lc iu m  c h lo r id e  
(1 7 4 ) . P o ly  (y -h y d r o x y -L -p r o lin e )  A appears to  b e  more s t a b le  to  
d is r u p t io n  by ca lc iu m  c h lo r id e  than does p o ly (L -p r o lin e )  form I I ,  
how ever. The i n t r i n s i c  v i s c o s i t y  and o p t ic a l  r o ta t io n  o f  p o ly (L -p r o lin e )
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in  aqueous s a l t  s o lu t io n s  have v a lu e s  w hich  a re  q u it e  d i f f e r e n t  from
th o se  e x h ib it e d  by e i t h e r  o f  th e  h e l i c a l  forms o f  th e  po lym er.
M a ttic e  and M andelkem  have shown (170) th a t  p o ly  (L -p r o lin e )
a t t a in s  th e  p r o p e r t ie s  o f  a s t a t i s t i c a l  random c o i l  a t  2 .5 - 4 .0  M
ca lc iu m  c h lo r id e  a t  30°C . B ecau se o f  th e  s i m i l a r i t i e s  betw een
P oly  (L -p r o lin e )  and p o ly  (y -h y d r o x y -L -p r o lin e )  in  co n c e n tr a te d  s a l t
s o lu t io n s ,  p o ly  (y -h y d r o x y -L -p r o lin e )  i s  a n t ic ip a t e d  to  b e  d iso r d e r e d
under th e s e  c o n d it io n s .
The d is o r d e r in g  o f  th e  p o ly (L -p D lin e )  ch a in  in  co n cen tra ted
aqueous s a l t  s o lu t io n s  h a s b een  in te r p r e te d  as a r i s in g  from e i t h e r
(a) an in c r e a s e  in  th e  a c c e s s ib l e  range o f  th e  C .̂— C =  0 a n g le  ijj
(5 4 , 1 6 0 , 172 , 173, 175 , 176) or (b) th e  form ation  o f  random
seq u en ces  o f  c i s  and tr a n s  p e p t id e  bonds (1 5 3 , 1 7 7 -1 8 0 ) . In an
attem p t to  a s c e r ta in  w hich  o f  th e s e  two p o s s i b i l i t i e s  i s  th e  more
c o r r e c t ,  M a ttic e  and M andelhem  (177) e s t im a te d  th e  upper l i m i t  fo r
2 2th e  c h a r a c t e r i s t ic  r a t i o ,  <r  >o /  n p lp  > s e e  C hapter 1 , o f  p o ly (L -p r o lin e )  
in  4 .8  M ca lc iu m  c h lo r id e  a t  30°C to  b e  about 4 .6 .  T h is r a t io  i s  
s u b s t a n t ia l ly  l e s s  than  th e  c h a r a c t e r i s t i c  r a t io  o f  a p p rox im ately  9  
determ ined  fo r  h om op olyp ep tid es w ith  -CH^R s id e  ch a in s  ( 7 5 ) .  I t  
i s  a l s o  a t  m ost o n ly  s l i g h t l y  g r e a te r  than th e  c h a r a c t e r i s t i c  r a t io  o f  
2 .6 ±  0 .5  determ ined  e x p e r im e n ta lly  in  w a ter  f o r  th e  s e q u e n t ia l  
c o p o ly p e p tid e  (P ro-G ly) ( 7 9 ) .  I t  i s  d i f f i c u l t  to  e x p la in  hew
X
2 2such a sm a ll <r > o / n p lp  co u ld  occur in  p o ly (L -p r o lin e )  i f  th e  p e p t id e  
bonds are a l l  req u ir ed  to  m a in ta in  t h e ir  p lan ar tr a n s  co n fo rm a tio n . 
However, i f  ca lc iu m  c h lo r id e  in t e r a c t s  w ith  th e  p e p t id e  group in  such  
a manner as to  in c r e a s e  th e  r o t a t io n a l  freedom  about th e  p e p t id e
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bond (1 7 1 , 1 8 1 ), or  to  prom ote c i s  -  tra n s  is o m e r iz a t io n  (1 5 3 , .170,
2 2
181) , a low <r > o / n 1  m ight b e a t ta in e d .
P P
The c h a r a c t e r i s t i c  r a t io  o f  about 14 d eterm ined  fo r  p o ly (L -  
p r o lin e )  in  w ater a t  30°C (1 7 7 ) ,  a lth ou gh  h ig h e r  than th e  r a t io  o f  
9 fo r  -CF^R s id e  ch a in s  ( 7 5 ) ,  i s  a l s o  low er than th e  c h a r a c t e r i s t i c  
r a t io  p r e d ic te d  from co n fo rm a tio n a l en ergy  maps (4 5 ,  4 6 , 4 9 -5 2 )  
b ased  on r i g i d , f i x e d ,  p y r r o l id in e  r in g s  and t r a n s - p e p t id e  b on ds.
For exam p le , Schimmel and F lo ry  (45) c a lc u la te d  a r a t io  o f 116 fo r  
h igh  m o lec u la r  w e ig h t  p o ly ( L - p r o l in e ) . However, i f  th e  p y r r o l id in e  
r in g  i s  a llo w ed  to b e  f le x ib le , ! ^  f l e x i b l e ,  than a c h a r a c t e r i s t i c  
r a t io  fo r  p o ly  (L -p r o lin e )  w ith  a l l  t r a n s - p e p t id e  bonds can b e  c a l ­
c u la te d  w hich  a g rees  w ith  th e  e x p e r im e n ta lly  d eterm ined  r a t io  (5 4 ) .
The c o n fo rm a tio n a l energy  maps u sed  in  th e s e  c a lc u la t io n s  y ie ld e d  
two w id e ly  se p a ra ted  minima in  ( 5 3 ) ,  o f  n o t  to o  d i f f e r in g  e n e r g ie s .
The t r a n s i t io n  from one minimum to  th e  o th e r  i s  o f  s u f f i c i e n t l y  h ig h  
en ergy , so  t h a t ,  in te r c o n v e r s io n  from one to  th e  o th er  w ould b e  slow  
on th e  NMR tim e s c a l e ,  and w ould g iv e  r i s e  to  two d i s t i n c t  NMR 
p ea k s . The second  minimum in  th e s e  maps was c a lc u la t e d  to b e popu­
la t e d  by about 8 % a t 30°C (54) .
Tanaka and S ch eraga  (1 8 2 ) ,  how ever, u t i l i z i n g  c o n fo rm a tio n a l 
energy  maps w hich r e s t r i c t  i|i to  a narrow r e g io n  (183) , have shown by  
M onte-C arlo c a lc u la t io n s  th a t  th e  random in tr o d u c t io n  o f  about 5% 
c i s  r e s id u e s  in  th e p o ly (L -p r o lin e )  ch a in  a ls o  le a d s  to  a c h a r a c t e r i s t i c  
r a t i o  w hich a g rees  w ith  exp erim en t. Wu, K om oroski, and M andelkem  
(184) have o b serv ed , u s in g  h ig h  r e s o lu t io n  p ro to n  F o u r ie r  tran sform  
NMR te c h n iq u e s , th a t  p o ly (L -p r o lin e )  in  D2 O has about 2-3% o f  i t s  
p e p tid e s  in  th e  c i s  c o n f ig u r a t io n .  T h eir  reson an ce  peak a ssign m en t
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cc
for  th e C c i s  proton  was b a sed  on p r e v io u s  work by T orch ia  and 
Bovey (178) . I f  t h i s  a ssign m en t i s  in c o r r e c t  th e  isom er co u ld  p o s s ib ly  
be a s s ig n e d  to th e  o th e r  low -en ergy  s t a t e  found by N ish ikaw a and Ooi 
(5 3) fo r  th e a l l -  tra n s p o ly  (L -p r o lin e )  c h a in . S im ila r  b eh a v io r  
may b e  ex p e c te d  fo r  p o ly  (y -h y d ro x y -L -p ro lin e )..
The hydrodynam ic b e h a v io r  o f  p o ly  (y -h y d r o x y -L -p r o lin e )  a s  a 
fu n c t io n  o f  m o lecu la r  w e ig h t , as l i k e  p o ly (L -p r o lin e )  ( 1 7 7 ) ,  have  
n o t been o b ta in e d  p r e v io u s ly  b e c a u se  o f  th e  u n a v a i la b i l i t y  o f  h igh  
m o lec u la r  w e ig h t  sa m p les . F r a c t io n a t io n  o f  a com m ercial p r e p a r a tio n  
o f  p o ly  (y -h y d r o x y -L -p r o lin e )  h as p ro v id ed  n e a r ly  m onod isperse  
sam ples w ith  m o lec u la r  w e ig h ts  ran g in g  up to  3 5 ,0 0 0 . In  th is  
ch a p ter  th e  hydrodynam ic p r o p e r t ie s  o f  p o ly  (y -h y d r o x y -L -p r o lin e )  
a re  exam ined in  b o th  w a te r  and ca lc iu m  c h lo r id e  s o lu t io n s .  Conforma­
t io n a l  energy maps b a s e  on r ig id  p y r r o l id in e  r in g s  a re  c a lc u la te d ,  
a lo n g  w ith  th e  p r e d ic te d  c h a r a c t e r i s t i c  r a t io  from th e s e  maps. The 
im p lic a t io n s  fo r  th e  co n fo rm a tio n a l e f f e c t s  a r i s in g  from th e  s u b s t i t u t io n  
o f  a y -h y d r o x y -L -p r o ly 1 r e s id u e  fo r  an L -p r o ly l  r e s id u e  in  a p o ly ­
p e p t id e  ch a in  a re  d is c u s s e d .
3 .2  E xp erim en ta l
M a te r ia ls . Two p o ly  (y -h y d r o x y -L -p r o lin e )  sam ples w ere u sed .
The low er m o lecu la r  w e ig h t  sample d e s ig n a te d  I1P15, was used  as su p p lie d  
by M iles  L a b o r a to r ie s . G el p erm eation  chrom atography o f  th e  h ig h e r  
m olecu lar  w e ig h t sam ple (Sigm a C hem ical C o.) u s in g  a 5 .0  x 100 cm 
K50/100 p r e p a r a tiv e  Pharm acia chrom atographic column packed w ith  80cm 
o! Sc'phadex G-100 produced th r e e  f r a c t i o n s ,  d e s ig n a te d  F I, F 2, and
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F 3. S o lu t io n s  w ere prepared  by w e ig h t from polym er d r ie d  under 
vacuum u s in g  a Dry I c e  -  2 (2 -b u to x y e th o x y ) e th a n o l tr a p . Samples 
w ere reco v ered  by ly o p h i l i z a t io n .  The ca lc iu m  c h lo r id e  sam ples  
w ere reco v ered  by d ia ly z a t io n  a g a in s t  d e io n iz e d  w ater u s in g  a B io -  
Rad B io -F ib e r  50 b eak er fo llo w e d  by l y o p h i l i z a t io n .
Calcium  c h lo r id e  was rea g e n t grad e. S o lu t io n s  w ere prepared  by 
d i lu t i o n  o f  a s to c k  s o lu t io n  whose c o n c e n tr a t io n  was determ ined  by 
t i t r a t i o n  w ith  s i l v e r  n i t r a t e .  D e io n iz ed  w a ter  was used  th ro u g h o u t.
Osmometry. O sm otic p r e ssu r e s  w ere m easured a t  30°C in  w ater  
u s in g  a M echrolab 501 h ig h -sp e e d  membrane osmometer equ ipped  w ith  an 
S & S B-20 membrane. The membrane was o b ta in e d  from ArRo L a b o r a to r ie s ,
I n c . , and was used  a s  su p p lie d . O sm otic p r e s su r e s  w ere measured by 
Dr. Wayne L. M a ttic e . However, t h e ir  in c lu s io n  in  th e  d is s e r t a t io n  
was f e l t  to  b e v i t a l  to  th e  d is c u s s io n  o f  th e  hydrodynam ic p r o p e r t ie s  
o f  p o ly  (y -h y d r o x y -L -p r o lin e ) .
The num ber-average m o lecu la r  w e ig h ts ,  M^, o f  sam ples F I, F2 
and F3 w ere o b ta in ed  by a p p lic a t io n  o f  E quation  55 (186) to  th e
tt/cRT = M^ 1 + A0c (55)
reduced o sm o tic  p r e s s u r e s .  The osm otic  p r e s s u r e  i s  ir, c i s  th e  
c o n c e n tr a t io n , R i s  th e  gas c o n s ta n t , T i s  th e  tem p era tu re , and A  ̂
i s  th e  secon d  v i r i a l  c o e f f i c i e n t .  Osm otic p r e ssu r e s  w ere n o t  measured  
fo r  sam ple HP15 b eca u se  o f  th e  a n t ic ip a te d  d i f f i c u l t y  w ith  perm eation  
o f s o lu t e  through th e  membrane fo r  an u n fr a c t io n a te d  polym er o f  low 
w e ig h t-a v e r a g e  m olecu la r  w e ig h t .
U ftr a c e n t r i f u g a t io n . W eight-average m o lec u la r  w e ig h t s , M ,̂ 
w ere o b ta in ed  by se d im e n ta tio n  e q u ilib r iu m  u s in g  a Bechman s i x -  
ch an n el Y phantis e q u ilib r iu m  c e l l  in  a Bechman Model E a n a ly t ic a l
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u lt r a c e n t r i f u g e ,  equipped w ith  in te r fe r e n c e  o p t i c s ,  u t i l i z i n g  
Equation 56 (1 8 7 ,1 8 8 ) .  Here ĉ , and c^ are th e  e q u ilib r iu m  con­
c e n tr a t io n s  a t  th e  top  and th e  bottom  o f  th e  c e l l ,  r e s p e c t iv e ly ,  
and „APP i s  th e  w e ig h t-a v e r a g e  m olecu lar w e ig h t e v a lu a te d  from th ew
2
s lo p e ,  (d £nc /  dr ) ,  o f  the lo g a r ith m  o f  th e f r in g e  number v s .  
the square o f  th e  d isp lacem en t from th e  c e n te r  o f  r o t a t io n ,  assum ing  
an id e a l  s o lu t io n  (1 8 9 ) ,  from Equation 56b. v ,p ,  w, R and T have
(MAPP) - 1  .  (M̂ - 1  [x +  A^  (Ct + Cfi) +
0 .7 5  A ^  ( c T +  cg ) 2 ] (56a)
MApp= (d  £n c f  /  d r2)
w
(1  -  vp) (d2 /2  RT
(56b)
t h e ir  u su a l m eaning. A p a r t ia l  s p e c i f i c  volum e, v » o f  0 .6 5 5  +
30 .0 1 0  cm /g  was used  fo r  p o ly  (y -h y d r o x y -L -p r o lin e )  in  w ater (1 9 2 ) .  
ĉ , was ev a lu a ted  from Equation 56c (190) where cq i s  th e  i n i t i a l
rB2 (c B -  <T> " '  ^  ^  dc
c = c - ____ _________________________________________  (56 c)
^  2 2
rB rT
c o n c e n tr a t io n , and r„, and r a re  th e  d isp la cem e n ts  from th e  c e n te r  o fI B
r o ta t io n  to  th e  top and bottom  o f  th e  c e l l ,  r e s p e c t iv e ly .
In th e  d e r iv a t io n  o f  Equation 56a i t  has b een  assumed th a t A^
and A  ̂ are  independent o f  th e m olecu lar w e ig h t  d is t r ib u t io n  in  th e
2
u lt r a c e n tr ifu g e  c e l l .  A pproxim ating A^ by (187) le a d s  to
Equation 5 7 , w hich was used  fo r  th e  d e term in a tio n  o f  Mw fo r  a l l  fou r  
sa m p les .
(MApp) - 1/2 = -1 /2  u  + ( + c ) i 2 ] (57)
W W Z W I  D
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Z -average  m o lecu la r  w e ig h ts ,  M , w ere a ls o  c a lc u la te d  fromz
th e  se d im e n ta tio n  e q u ilib r iu m  d ata  by E quation  58 (191) where 
( M ^ r 1  -  ( t y - 1  [1  + A2  Mz Cct  +  c , )  ]
M^PP i s  g iv e n  by
(d  £n c /  dr2) fi Cg -  (d  Jin c /  dr2) T cT _ - v  p )  u>2
CB " °T 2  RT
2 2 Here (d £n c /  dr )_  and (d Jin c /  dr )_  a re  th e  s lo p e s  o f  th e  lo g a r ith m1 D
o f  th e  f r in g e  nunber v s .  th e  sq u are  o f  th e  d isp la cem en t from th e c e n te r  
o f  r o ta t io n  a t  th e  top and bottom  o f  th e  c e l l ,  r e s p e c t iv e ly .
S ed im en ta tio n  c o e f f i c i e n t s ,  s  , w ere o b ta in e d  by sed im en ta tio n  
v e l o c i t y  u s in g  a Bechman d o u b le -s e c to r  in t e r f e r e n c e  c e l l  in  th e  
a n a ly t ic a l  u l t r a c e n t r i f u g e ,  equipped  w ith  S c h lie r e n  o p t ic s .
E x tr a p o la t io n  to th e  i n f i n i t e  d i lu t io n  se d im e n ta tio n  c o e f f i c i e n t ,  s q ,  
was accom p lish ed  u s in g  E quation  59 ( 1 9 3 ) .  H ere s  was ev a lu a ted
s ^  = s   ̂ +  k c (59a)o
from E quation 57b (194) w here (d iln r /  d t)  i s  th e  s lo p e  o f  the
s  = to 2  (d  iln r /  d t)  (59b)
lo g a r ith m  o f  th e  d isp la cem en t from th e  c e n te r  o f  r o ta t io n  to  th e  
s c h l ie r e n  peak v s .  tim e in  se c o n d s .
V i s c o s i t i e s .  Flow tim es w ere m easured a t  5 ° ,  3 0 ° , and 55°C 
in  w ater  u s in g  a Cannon-Ubbelohde 50 sem im icro d i lu t io n  v isc o m e te r .
Flow tim es in  w ater ranged from 300 to  150 se c o n d s . The flow  tim es  
o f  p o ly  (.Y“h y d ro x y -L -p ro lin e ) in  ca lc iu m  c h lo r id e  s o lu t io n s  w ere
(58a)
(58b)
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measured a t  30° u s in g  Cannon-Ubbelohde 100 , 75 , and 50 sem im icro
d i lu t io n  v isc o m e te r s . The flow  tim es ranged from 700 to  300 seconds
I n t r in s ic  v i s c o s i t i e s ,  [n]» w ere o b ta in ed  from th e  e x tr a p o la t io n  o f
th e  reduced v i s c o s i t y ,  n / c  , to  i n f i n i t e  d i lu t io n  by (195)sp
n / c  = [r|] +  k [n ] 2  c  sp
where
t and t  are th e  flow  tim es o f  th e  s o lu t io n  and pure s o lv e n t ,  s o
r e s p e c t iv e ly .
3 .3  C om putations 
S tr u c tu r e . The atoms co n s id e r e d  in  th e  com putation  o f  th e  
co n form ation a l energy maps fo r  th e  in te r n a l  d ip e p t id e  u n it  in  
p o ly  (y -h y d r o x y -L -p r o lin e )  a re  shown in  F ig u re  1 1 . The bond le n g th s  
and bond a n g les  shown in  th e  f ig u r e  are  from th e  s o l i d  s t a t e  
s tr u c tu r e  o f  p o ly  (y -h y d r o x y -L -p r o lin e )  A determ ined  by S a sisek h a ra n
y
(44) . The 0-H and C-H bond le n g th s  w ere 1 .00  A and th e  C -0-H
a n g le  was 97° . The a n g le  betw een th e  C-N-C -C^ and C^-C^-C^
p lan es w a s, in  th e  i n i t i a l  c a l c u la t io n s ,  1 7 ° , w ith  th e  C  ̂ atom
exo (1 9 6 ) . T his a n g le , d e s ig n a te d  y ,  was l a t e r  v a r ie d  from 8 .5 °
to 4 5 ° . An exo atom i s  o u t o f  th e  p la n e  o f  th e  p y r r o l id in e  r in g  in
th e  d ir e c t io n  away from th e  carb on yl group (1 9 7 ) .  The r o t a t io n a l
a n g le  about th e  h y d ro x y l group i s  d e s ig n a te d  as X y  zero
8 Yp o s it io n  i s  a tra n s p lacem ent fo r  atoms C -C  -0 -H . A p o s i t i v e
(60a)
(60b)
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F igu re  11 . I n te r n a l  d ip e p t id e  geom etry o f  p o ly  (y-hydroxy  
L -p r o lin e )  used in  th e  c o n fo rm a tio n a l en ergy  from r e fe r e n c e  4 4 .
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r o ta t io n  corresp on d s to  a c lo c k w ise  r o t a t io n  as v iew ed  down th e  
CY"—0 bond. The c o n fo r m a tio n a l en erg y  was computed a t  5° in crem en ts  
o f 4* fo r  X5  = 0 , 120 , and 240*. $ was h e ld  c o n s ta n t  a t  1 2 0 ° . The 
p e p tid e  bonds w ere  m a in ta in ed  in  th e  p la n a r  tr a n s  co n fo rm a tio n .
Energy F u n c tio n s . G e n e r a lly ,  th e  in tr a m o le c u la r  p o t e n t ia l  
en ergy  in c lu d e d  c o n tr ib u t io n s  from nonbonded (E and e l e c t r o s t a t i c  
(E . )  in t e r a c t io n s ,  a s  w e l l  a s  from  th e  en ergy  (E .)  f o r  r o ta t io n
6 1  v7
about s i n g l e  b o n d s. The p o t e n t ia l  energy  fo r  hydrogen-bond ing  
(E )HB in t e r a c t io n s  was in c lu d e d  in  th e  l a t e r  c a l c u la t io n s .  The 
t o t a l  p o t e n t ia l  e n e r g y , E^, i s ,  th u s , g iv e n  by
“ Enb +  Ee l  +  E 0  +  " to  
The nonbonded in t e r a c t io n  (L ennard-Jones 6 -12  p o t e n t ia l s )
betw een  a g iv e n  p a ir  o f  atoms i s  d e f in e d  by E quation  6 2 , w here  
0
r , . (A) i s  th e  d is ta n c e  b etw een  th e  two i , 1  a to m s, and A . ,  and B . .  
i j  i j  i j
are c h a r a c t e r i s t i c  c o n s ta n t s .  V alu es o f  A .,  and B . .  w ere the
i j  iJ
E = •£  (-A . . /  r^ . +  B /  r } 2.)  nb 1 3  x j x j i j  x j
same a s  th o se  used  by Ooi e t  a l .  ( 7 1 ) ,  and a re  shown in  T ab le 6 .
The summation in  E quation  62 i s  o v er  a l l  i , j  atom p a ir s  c o n s id e r e d .
The e l e c t r o s t a t i c  p o t e n t ia l  en ergy  was computed fo r  p a ir w ise  
in t e r a c t io n s  betw een  th e  p a r t ia l  ch arges q^ o f  atom i  and 
o f  atom j ,  u s in g  E q u ation  63 , w here r ^  i s  d e f in e d  as b e f o r e ,  and 
D r e p r e s e n ts  the d i e l e c t r i c  c o n s ta n t .  D i e l e c t r i c  c o n s ta n ts  o f
Ee l  - ldE 3 3 2  V  D
4 and 2 w ere u sed , w hich  a re  in  th e  range commonly used  fo r  the
in t e r a c t io n  o f  s t a t i c  ch arges in  p o ly p e p t id e s  (1 9 9 ) .  The summation
i s  over a l l  a p p r o p r ia te  atom s. The p a r t i a l  ch arg es  fo r  th e  p e p t id e





T ab le  6 . C h a r a c te r is t ic  c o n s ta n ts  o f  
nonbonded in t e r a c t io n  (71)
Atom i Atom j Au•/:
(K cal A /  m ole)
B. .
i j
(K ca l A ^ /  m ole)
C C 370 286000
C H 128 38000
C N 366 216000
C 0 367 205000
H H 4 6 .7 4500
H N 125 27000
H 0 124 25000
N N 363 161000
N 0 365 153000
0 0 3 6 7 .1 145000
group w ere th e  same as th o se  u sed  by B rant e t  a l .  ( 6  7) , and a re  0 .3 9 4  
fo r  th e  carb on yl carb on , - 0 .3 9 4  fo r  th e  ca rb o n y l oxy g en , - 0 .2 8 1  fo r
th e  n it r o g e n ,  and 0 .2 8 1  fo r  th e  6  carbon . The p a r t i a l  ch arges
fo r  th e  hydroxy group , when c o n s id e r e d , w ere th o se  by Poland and
y
Scherage ( 1 9 8 ) ,  and th e  charge on th e  C atom was chosen  to  y i e l d
Ya n e t  charge o f  zero  f o r  th e  C -0 -H  u n i t .  T hese ch arges a r e  -0 .4 6 2  
fo r  th e  h y d ro x y l o x y g en , 0 .3 0 2  fo r  th e  h y d ro x y l h yd rogen , and 0 .1 6 0
fo r  th e  C atom . The f a c t o r  o f  332 in  E q u ation  63 was in c lu d e d  fo r
c o v e r t in g  th e  energy to  K ca l/m o le .
The p o t e n t ia l  en ergy  fo r  r o ta t io n  about s in g le  bonds can be  
re p r e se n te d  by th e  th r e e  f o ld  r o t a t io n a l  p o t e n t ia l  o f  E quation  64 .
0 i s  th e  r o t a t io n a l  a n g le  w hich  was e i t h e r  , <p, x^» X2 > X jj X^» or  
X 5 * <f> >X^» X2 > X3 > and..X^ are th e  r o t a t io n a l  a n g le s  in  th e  p y r r o l id in e
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r in g . Eq i s  th e  b a r r ie r  h e ig h t  w hich had v a lu e s  o f  0 .2 K ca l/m o le  
fo r  \p ( 7 1 ) ,  1 .5 K ca l/m o le  f o r  <{> ( 8 1 ) ,  3 .0K .cal/m ole fo r  x^>X 2 » X3 > 
and (1 9 9 ) ,  and l.O K ca l/m o le  fo r  X5  ( 1 9 8 ) .  The sunnnation i s  over
E e = i  Eq/  2 (1  -  cos 36  ) (64)
th e se  r o t a t io n a l  a n g le s .
The p o t e n t ia l  en ergy  fo r  hydrogen bonding in t e r a c t io n s ,  when 
c o n s id e r e d , was acco u n ted  fo r  by th e  e m p ir ic a l hydrogen bond fu n c t io n  
o f  McGuire, Momany and S ch erage (2 0 0 ) ,  g iv e n  by E quation  65 .
= Bk /  r o . .  .H " \  /  r o . . . H  (65)
Here and B^ a re  g iv e n  as 5 7 8 1 .2  and 1 3 3 4 0 .1 ,  r e s p e c t i v e ly .
O
r U(A) i s  th e  in te r a to m ic  d is ta n c e  betw een  th e  carb o n y l oxygen  o • • •H
and th e  h yd ro x y l h yd rogen . When t h i s  hydrogen bonding fu n c tio n  was 
u sed , th e nonbonded in t e r a c t io n  betw een  th e s e  two atoms was n e g le c te d .
T h is  hydrogen bonding fu n c t io n  has a minimum en ergy  o f  -5 .9 2 K c a l/m o le
O
when th e  o . ..H  d is ta n c e  i s  1 .6 6 A .
The method fo r  c a lc u la t io n  o f  in tr a c h a in  a tom ic  d is ta n c e s  as  
a fu n c tio n  o f  th e  r o t a t io n a l  a n g le s ,  in  t h i s  c a s e  on ly  1/^ , in  th e  
p e p tid e  ch a in  was th e  same as th o se  u sed  by F lory  (201) , B rant and 
F lory  ( 8 1 ) ,  and Nemethy and S ch eraga  (2 0 2 ) .  The proced u re i s  ou t­
l in e d  in  Appendix C.
C onform ational P r o p e r t ie s .  The averaged  tra n sfo rm a tio n  m a tr ix ,
<T.> , was o b ta in e d  from E quation  6 6  (203) u s in g  5° in t e r v a ls  fo r
<T^> = R ( e ,  0 ) R (0 , t t -  <j>.j) <R (-n , -<Pi )> ( 6 6 a)
cc f t  oc A  oc
The N-C -C  a n g le  i s  6  , n i s  th e  a n g le  betw een  th e  C -C bond and
OC GC
the v ir t u a l  bond, th e  bond c o n n e c tin g  w ith  + and C i s  th e
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a n g le  betw een th e  C -N bond and th e  v i r t u a l  b on d . F igu re  12 shows 
th e se  a n g le s  fo r  th e  p o ly  (y -h y d ro X y -L -p ro lin e ) ch a in . R(£ , 0 ) ,
ac
R( 0 ,ir -  4> ) , and RC-r^ -  y  are  g iv e n  by
r( e , it-  y  =
R(-n± - y  =
co s  t, s in  £
- s i n  C cos C
0  0
OC
co s  0
OC
s i n 6  c o s  <p̂
OC
s i n 0  s in  <p̂
cos n 
s in  n cos




s in  0
- c o s  0  co s <j>. s in  <J>̂
- c o s  0  s i n  4>. -c o s
- s i n  n 
c o s  n cos ip̂
cos n co s  ip.
i  
0
- s i n  
co s  ij/U
S in c e  <t> was h e ld  c o n s ta n t  in  th e  co n fo r m a tio n a l en ergy  c a lc u la t io n s ,
o n ly  m atrix  R (-n  , -  y  need  b e  a v eraged . T h is  can b e  accom plished
by u t i l i z i n g  Equation 6 7 . The summations a r e  taken  over eq u a l
2tt
<R(-n , -  y  > =
E R (-n  y  exp [—ET(ip ) /  RT]
y o
2ir
E exp [-E T( y  /  RT]
y O
in t e r v a l s  fo r  rp , in  t h i s  c a se  over 5° i n t e r v a l s .  In  th e  e v a lu a t io n  
of<  R (-n , -  < y  > » r e g io n s  w ith  e n e r g ie s  above lO K cal/m ole above 
the minimum energy w ere ig n o r e d . P r e m u lt ip l ic a t io n  o f  th e  q u o t ie n t  
in  E quation  67 by R (0a »ir -  y  and then  by R (c , 0) g iv e s  <T^>. The 
tem perature dependence in  <T^> was assum ed to  a r i s e  e n t ir e ly  from th e
( 6 6 b)
( 6 6 c)
( 6 6 d)
(67)
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change in  the tem perature term  in  th e  Boltzm an f a c t o r s .
2
The unperturbed m ean-square en d -to -e n d  d i s t a n c e ,< r  >o , 
fo r  a ch a in  c o n ta in in g  n^ v ir t u a l  bonds was computed from Equation  
6 8  (2 0 4 ) . Here J3 i s  th e  id e n t i t y  m atr ix  o f  ord er 3 . The s u b s c r ip t s  
on th e  b r a c k e ts  d en ote  th e  1 , 1  e lem en t o f  th e  r e s u l t a n t  3 x 3  m a tr ix .
<r2 >o -  npl p 2  [ (Jg + <T±>) (£  -  <T1 > ) ' 1
n ,  ( 6 8 )
- ( 2 <Ti >/np) (£  -  <Ti > P) (£  -<  T±>) ] 1 1
The c o n f ig u r a t io n a l entropy per r e s id u e ,  S , was computed from 
E quation 69 (133) u s in g  10° in t e r v a l s  fo r  \f>̂ . The a v era g e  en erg y ,
S = R exp [-E T(tp±) /  RT] + <E> /T (69a)
<E> , i s  g iven  by
S ELGlO exp [-E  ( ip.) /  RT]
<E> = Vi  1___________1  ____________________  (69b)
J exp [—Et (̂ »±) /  RT]
As b e fo r e ,  r e g io n s  w ith  e n e r g ie s  g r e a te r  than lO K cal/m ole above 
the minimum energy w ere ig n o red .
3 .4  R e su lts  
Hydrodynamic P r o p e r t ie s
M olecu lar w e ig h t s . F igu re  13 shows th e  c o n c e n tr a t io n  
dependence o f th e  nurd) e r -a v e r  age m o lecu la r  w e ig h ts ,  M^, fo r  sam ples F I ,  
( c i r c l e s ) ,  F2 ( s q u a r e s ) ,  and F3 ( t r i a n g l e s ) .  As m entioned b e f o r e ,  
o sm otic  p r e ssu r e s  w ere n o t  measured fo r  sam ple HP15 b eca u se  o f  th e
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F ig u re  13 . C o n c e n tr a tio n  dependence in  th e  reduced o sm o tic  
p r e ssu r e s  fo r  th e  p o ly  (y -h y d r o x y -L -p r o lin e )  sam ples FI ( c i r c l e s ) ,  
F2 ( s q u a r e s ) ,  and F3 ( t r i a n g l e s )  in  w ater  a t  30°C .
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a n t ic ip a te d  d i f f i c u l t y  w ith  p erm eation  o f  s o l u t e  through th e  mem­
b ra n e . As m ight b e e x p e c te d , th e  p o in t s  becom e more s c a t t e r e d  
th e low er th e  m o lec u la r  sam p le .
T y p ic a l p lo t s  o f  th e  se d im e n ta tio n  e q u ilib r iu m  d a ta  are shown  
in  F ig u r es  14 and 15 fo r  sam ple HP15 a t  an i n i t i a l  c o n c e n tr a t io n  o f  
1 .0 1  mg/ml ( th e  w o r s t ) ,  and fo r  sam ple F2 a t  an i n i t i a l  c o n c e n tr a t io n  
o f  2 .0 1  mg/ml ( th e  b e s t ) ,  r e s p e c t iv e ly .  No ap p aren t cu rv a tu re  i s  
o b se r v a b le  in  F ig u re  15 in d ic a t in g  a f a i r l y  m on od isp erse  sam ple. 
H ow ever, F ig u r e  14 d o es  d is p la y  some c u r v a tu r e  w hich i s  n o t u n exp ected
s in c e  t h is  sam ple was n o t  f r a c t io n a te d  and , h e n c e , sh o u ld  b e  more
2
h e t e r o d is p e r s e .  S im ila r  dftn c  v s . r  p lo t s  fo r  sam ples F I , and F3
1/2w ere more l i k e  th a t  o f  F ig u re  15. F ig u re  16 i s  a p lo t  o f  1 /M ^  
v s .  a v era g e  c o n c e n tr a t io n ,  c .  E x tr a p o la t io n  to  zero  c o n c e n tr a t io n  
y ie ld e d  th e  w e ig h t-a v e r a g e  m o lec u la r  w e ig h ts ,  Mw<
Crude e s t im a te s  o f  th e  z -a v e r a g e  m o lec u la r  w e ig h t s ,  Mz> w ere  
a l s o  o b ta in e d  from th e  se d im e n ta tio n  e q u ilib r iu m  d a ta  u t i l i z i n g  
E quation  58. The s lo p e s  o f  th e  lo g a r ith m  o f  th e  f r in g e  number v s .
th e  sq u are  o f  th e  d isp la cem e n t from th e  c e n te r  o f  r o t a t io n  a t  th e
2 2 top  and bottom  o f  th e  c e l l ,  (d Jin c /  dr ) T and (d  £n c /  dr ) g ,
r e s p e c t iv e ly ,  w ere o b ta in e d  from  th e  f i r s t  f i v e  (to p ) and l a s t  f i v e
2
(bottom ) p o in t s  from  th e  sxi c  v s . r p l o t s .  T a b le  7 i s  a summary 
o f  the v a r io u s  a v erage  m o lec u la r  w e ig h ts  and t h e ir  r a t io s  fo r  th e  
fou r sa m p le s . As can b e  se e n  from th e  t a b le  a l l  sam ples w ere f a i r l y  
m o n o d isp erse . Sample HP15 had th e g r e a t e s t  h e t e r o d i s p e r s i t y , as 
m entioned  e a r l i e r .
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F igure 14. The lo g a r ith m  o f  th e  f r in g e  number v er su s  th e  
square o f  th e  d isp la c e m e n t from th e  c e n te r  o f  r o t a t io n  fo r  th e  
p o ly  (y -h y d r o x y -L -p r o lin e )  sam ple HP15 a t  an i n i t i a l  c o n c e n tr a t io n  
o f  1 . 0 1  mg/ml (w o r s t ) .
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F igure 15 . The lo g a r ith m  o f  th e  f r in g e  number v ersu s  th e  
square o f  th e  d isp la cem en t from th e  c e n te r  o f  r o t a t io n  fo r  th e  
p o ly  (y -h y d r o x y -L -p r o lin e )  sam ple F2 a t  an i n i t i a l  c o n c e n tr a t io n  
o f  2 . 0 1  mg/ml ( b e s t ) .
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F ig u re  16 . C o n c en tra tio n  dependence o f  th e  apparent w e ig h t-  
average m o lec u la r  w e ig h ts  fo r  th e  p o ly  (y -h y d r o x y -L -p r o lin e )  
sa m p les , r ea d in g  from top  to  b ottom , HP15, F 3 , F2, and FI as 
measured by e q u ilib r iu m  u lt r a c e n t r i f u g a t io n  in  w ater  a t  2 5 °C.
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T ab le 7 .  M o lecu la r  w e ig h ts  o f  th e  fo u r
p o ly  (y -h y d r o x y -L -p r o lin e )  sa m p les .
Sample 1 0 " 10 " 3  M w 10" 3  Mz M /M z w
HP 15 --------- 8 .9 4  ± 0 .6 1 3 .7  ± 3 . 3 1 .5 3  ± 0 .4 7
F3 1 5 .6  ± 1 .3 1 6 .5  ± 0 .9 1 7 .2  ± 4 .0 1 .0 6 ± 0 . 1 4 1 .0 4  ± 0 .3 0
F2 2 0 .4  ± 1 . 8 2 0 .7  ± 1 .2 2 3 .5  ± 3 .8 1 . 0 1 ± 0 .1 4 1 .1 4  ± 0 .2 5
FI 35 .0  ± 3 .0 3 5 .2  ± 3 . 0 3 8 .9  ± 1 1 .0 1 . 0 1 ± 0 . 1 8 1 .1 1  ± 0 .4 0
I n t r i n s i c  v i s c o s i t i e s .  The i n t r i n s i c  v i s c o s i t i e s  in  w ater w ere
o b ta in ed  a t 5 ° ,  3 0 ° , and 55°C . The i n t r i n s i c  v i s c o s i t i e s  in  ca lc iu m
c h lo r id e  s o lu t io n s  (1 -9 5  , 3 .4 0 ,  and 5.57M) w ere  o b ta in e d  a t  30°C fo r
sam ples F I , F 2 , and F3. The lo w e s t  m o lecu la r  sam p le , HP15, had th e
same m o lecu la r  w e ig h t  as a sam ple w hose ca lc iu m  c h lo r id e  i n t r i n s i c
v i s c o s i t y  b e h a v io r  was r e p o r te d  p r e v io u s ly  ( 1 7 4 ) ,  t h e r e f o r e ,  th is
d a ta  was n o t r e p e a te d . F ig u r e s  17 and 18 show th e  c o n c e n tr a t io n
dependence o f  th e  reduced  v i s c o s i t i e s ,  ngp / c » a t  30°C fo r  th e  fou r
sam ples in  ^ 0  and fo r  th e  th r e e  h ig h e s t  m o lec u la r  w e ig h t  sam ples
in  ca lc iu m  c h lo r id e .  The sam ples are F I ( c i r c l e s ) ,  F2 ( s q u a r e s ) ,
F3 ( t r i a n g l e s ) ,  and HP15 (d iam on d s). F ig u re  19 i s  a p lo t  o f
lo g a r ith m  o f  th e  i n t r i n s i c  v i s c o s i t y  v s .  tem p eratu re (£n [r|] v s .  T)
fo r  th e  fo u r  sam ples in  w a te r . As can b e  s e e n  from t h is  f ig u r e ,  th e
tem perature c o e f f i c i e n t s  (d £n [n 3/ dT) fo r  th e  i n t r i n s i c  v i s c o s i t i e s
a re  la r g e  and n e g a t iv e .  T h is  i s  a l s o  shown in  T a b le  8 . The l im it in g
tem perature c o e f f i c i e n t ,  o b ta in e d  as th e  in t e r c e p t  o f  d £n [r)]/dT
v s .  1/M , i s  -0 .0 0 5  deg The c o e f f i c i e n t s  a r e  th e  same s ig n  and w
m agnitudes as found fo r  p o ly (L -p r o lin e )  in  w a ter  ( 1 7 7 ) ,  T ab le 8 .
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F ig u re  17 . C o n c en tra tio n  dependence o f  th e  reduced  v i s c o s i t i e s  
fo r  th e  p o ly  (y -h y d r o x y -L -p r o lin e )  sam ples FI ( c i r c l e s ) ,F 2  ( s q u a r e s ) ,  
and F3 ( t r ia n g le s )  in  w a te r , and F I , and F2 in  1.95M ca lc iu m  
c h lo r id e  a t  30°C .
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F igu re 18. C o n cen tra tio n  dependence o f  th e  reduced v i s c o s i t i e s  
fo r  th e  p o ly  (y -h y d r o x y -L -p r o lin e )  sam ples HP15 (diam onds) in  
w a te r , F3 ( t r ia n g le s )  in  1.95M ca lc iu m  c h lo r id e ,  FI ( c i r c l e s ) ,
F2 (s q u a r e s ) ,  F3 in  3.90M ca lc iu m  c h lo r id e ,  and F I , F2, and F3 in  
5.57M ca lc iu m  c h lo r id e  a t  30°C . The u n c e r t a in t ie s  in  th e  ca lc iu m  
c h lo r id e  s o lu t io n s  are ± 0 . 0 2 .







F igure 19. Temperature dependence o f  th e  i n t r i n s i c  v i s c o s i t y  
o f  p o ly  (y -h y d r o x y -L -p r o lin e )  in  w a ter . The sam ples are F I , F2,
F3, and HP15, rea d in g  from top  to  bottom .
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E q u iv a le n t trea tm en t o f  p r e v io u s ly  rep o rte d  (.170,177) d ata  fo r  p o ly -  
(L -p r o lin e )  a ls o  y i e ld s  a la r g e  n e g a t iv e  tem p eratu re c o e f f i c i e n t ,  
-0 .0 0 8  deg ■*". In t h is  r e s p e c t  p o ly (L -p r o lin e )  and p o ly  (y -h y d r o x y -  
L -p r o lin e )  are  r e m in isc e n t  o f  v a r io u s  d e r iv a t iv e s  o f  c e l l u l o s e  (2 0 5 ) .
The dependence o f  [q] on Mw a t  30°C in  w a te r  fo r  th e  fou r p o ly -  
(y -h y d r o x y -L -p r o lin e )  sam ples (open c i r c l e s ) , and f o r  s i x  p o ly (L -  
p r o lin e )  sam ples ( f i l l e d  c i r c l e s )  rep o rted  e a r l i e r  (177) i s  shewn 
as a p lo t  o f  lo g a r ith m  [n] v s .  lo g a r ith m  Mw (Log [n ] v s .  Log Mw) 
in  F igure 20 . As can b e s e e n , th e  p o ly  (y -h y d r o x y -L -p r o lin e )  
p o in ts  fo llo w  th e same g e n e r a l cu rv a tu re  as th e  p o ly ( L - p r o l in e ) .
The n a tu re  o f  th e  m o lecu la r  w e ig h t  dependence o f  th e  tem perature  
c o e f f i c i e n t s  i s  such  th a t  th e cu rv a tu re  apparent in  F ig u re  20 w i l l  
d im in ish  as tem perature in c r e a s e s .  The b e s t  s t r a ig h t  l i n e  through  
th e p o ly  (y -h y d r o x y -L -p r o lin e )  p o in ts  r e p r e s e n t in g  sam ples F I, F2, 
and F3 has a s lo p e  o f  0 .6 8 ,  w hich i s  w e l l  w ith in  th e range a n t ic ip a te d  
fo r  a random c o i l  immersed in  a good s o lv e n t  (7 8 ) .
T ab le 8 . I n t r in s i c  v i s c o s i t y  d a ta  o f  p o ly  (y -h y d ro x y -  
L -p r o lin e )  sam ples s tu d ie d  and o f  p o ly (L -  
p r o lin e )  (177) .
Sample 10 - 3  M w [n ] 3 10 3  d £n [q ]/d T b
HP 15 8 .9 4 0 .2 9 - 2 . 6  ± 1
F3 16 .5 0 .6 3 - 4 . 7  ± 1
F2 2 0 .7 0 .8 2 - 4 .3  ± 1
FI 3 5 .2 1 .0 8 - 4 . 8  ± 1
p o ly (L -p r o lin e ) 3 .8  -  53 0 .1 0  -  2 .1 4 - 4  — - 8
a. a t  30 °C , d l / g .
b . over th e tem perature range 5° -  55°C , deg - 1 «





F igure 2 0 . M o lecu lar  w e ig h t dependence o f  th e  i n t r i n s i c  
v i s c o s i t y  o f  p o ly  (y -h y d r o x y -L -p r o lin e )  (open  c i r c l e s )  and p o ly -  
(L -p r o lin e )  (sm a ll f i l l e d  c i r c l e s )  in  w a ter  a t  30°C . R e s u lt s  fo r  
p o ly  (L -p r o lin e )  are  from r e fe r e n c e s  170 and 177.
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The i n t r i n s i c  v i s c o s i t i e s  e x p e r ie n c e  a marked r e d u c tio n  in  
th e  p r e se n c e  o f  ca lc iu m  c h lo r id e .  T h is  i s  shown in  F ig u re  2 1 . The 
lo w e s t  m o lec u la r  w e ig h t  sam ple d a ta  b e in g  taken  from r e s u l t s  rep o r te d  
p r e v io u s ly  (1 7 4 ) . For com p arative  p u r p o se s , th e  dashed l i n e s  are  
th e  i n t r i n s i c  v i s c o s i t y  d ata  r e p o r te d  f o r  two sam ples o f  p o ly -  
(L -p r o lin e )  (1 7 0 ) .  The t r a n s i t io n s  o f  th e  p o ly  (L -p r o lin e )  sam ples  
occu r a t  lo w er  ca lc iu m  c h lo r id e  c o n c e n tr a t io n s  than does th e  t r a n s i ­
t io n s  fo r  p o ly  (y -h y d r o x y -L -p r o lin e )  , and th e  i n t r i n s i c  v i s c o s i t y  
o f  th e form er polym er shows l i t t l e  change above 3M ca lc iu m  c h lo r id e .
The same d a ta  a re  p lo t t e d  a g a in s t  th e  a c t i v i t y  o f  ca lciu m  
c h lo r id e  in  F ig u re  22 . The a c t i v i t y  was c a lc u la t e d  from th e  m o la l 
a c t i v i t y  c o e f f i c i e n t  (206) a t  25° and th e  ta b u la te d  d e n s i t i e s  o f  
aqueous ca lc iu m  c h lo r id e  ( 2 0 7 ) .  The d e n s ity  o f  5.57M ca lc iu m  
c h lo r id e  was e s t im a te d  by a s h o r t  e x tr a p o la t io n  o f  th e  e x i s t i n g  
d a ta . The change in  th e i n t r i n s i c  v i s c o s i t y  o f  b oth  polym ers  
i s  m ost rap id  a t  th e  low er a c t i v i t i e s  o f  ca lc iu m  c h lo r id e .  However, 
p o ly (L -p r o lin e )  has a t ta in e d  a l im it in g  i n t r i n s i c  v i s c o s i t y  a t  
a c t i v i t i e s  co rresp o n d in g  to  a ca lc iu m  c h lo r id e  c o n c e n tr a t io n  o f  about 
3M, w h ile  th e  change in  th e i n t r i n s i c  v i s c o s i t y  o f  P o ly  (y -h y d r o x y -  
L -p r o lin e )  i s  s t i l l  s u b s t a n t ia l  a t a c t i v i t i e s  co rresp o n d in g  to  a 
ca lc iu m  c h lo r id e  c o n c e n tr a t io n  o f  4M. I t  does n o t  appear th a t  a 
l im i t in g  v a lu e  o f  th e  i n t r i n s i c  v i s c o s i t y  fo r  p o ly  (y -h y d ro x y -L -  
p r o l in e )  has b een  a t t a in e d  even in  s a tu r a te d  c a lc iu m  c h lo r id e .
F ig u re  23  shows th e  Log [n] v s .  Log M p lo t s  fo r  th e  fou rw
c o n c e n tr a t io n s  o f  ca lc iu m  c h lo r id e  s tu d ie d .  The top cu rve i s  the








F ig u re  21 . I n t r i n s i c  v i s c o s i t i e s  o f  th e  p o ly  (y -h y d ro x y -  
L -p r o lin e )  sam ples FI ( c i r c l e s ) ,  F2 ( s q u a r e s ) ,  F3 ( t r ia n g le s )  
and lo w e st m o lec u la r  w e ig h t (diam onds) a t  30°C as a fu n c t io n  o f  
ca lc iu m  c h lo r id e  c o n c e n tr a t io n .  The lo w e st m o lec u la r  w e ig h t sam ple  
d a ta  was tak en  from r e fe r e n c e  174. The dashed l i n e s  are th e  
i n t r i n s i c  v i s c o s i t y  d a ta  rep o r te d  fo r  two sam ples o f  p o ly  (L -p r o lin e )  
(1 7 0 ) .
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F igu re  22 . I n t r in s i c  v i s c o s i t i e s  o f  th e  p o ly  (y -h yd roxy-  
L -p r o lin e )  sam ples a t  30°C as a fu n c t io n  o f  ca lc iu m  c h lo r id e  
a c t i v i t y .  The sam ples are as d e sc r ib e d  in  F ig u re  21 . The 
a c t i v i t y  i s  th a t  o f  ca lc iu m  c h lo r id e  a t  25°C .
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i n t r i n s i c  v i s c o s i t y  data  in  w a te r , and th e  bottom  curve i s  th e  data  
in  sa tu r a te d  ca lc iu m  c h lo r id e .  The cu rva tu re  ob served  in  th e  in t r in ­
s i c  v i s c o s i t y  d a ta  in  w a ter  d e c r e a se s  in  1.95M ca lc iu m  c h lo r id e  and 
d im in ish es  in  3.90M ca lc iu m  c h lo r id e . S im ila r  r e d u c t io n s  in
cu rvatu re o f Log [n] v s .  Log M p lo t s  w ere ob served  w ith  p o ly -w
(L -p r o lin e )  ( 1 7 0 ) ,  b u t w ith  low er ca lc iu m  c h lo r id e  c o n c e n tr a t io n s .
The v a lu e s  o f  th e  s lo p e ,  a ,  drawn through th e  four p o ly  ( y -  
h y d ro x y -L -p ro lin e ) sa m p les , as a function , o f  ca lc iu m  c h lo r id e  concen­
t r a t io n  are p resen ted  in  F ig u re  24 . The s i z e  o f  th e  sym bols r e f l e c t  
th e  u n c e r ta in ty  in  m o lec u la r  w e ig h t and i n t r i n s i c  v i s c o s i t y .  The 
s lo p e ,  a , i s  s e e n  to  vary from 0 .9 7  in  pure w a ter  to 0 .5 5  in  s a tu r a te d  
ca lciu m  c h lo r id e .  The r e s u l t s  p resen ted  in  F ig u re  24 are  q u a l i t a t iv e ly  
s im ila r  to  th e  p lo t s  o f  i n t r i n s i c  v i s c o s i t y  v s .  ca lc iu m  c h lo r id e  
co n c e n tr a tio n  in  F ig u re  21 . In  both  c a se s  th e major change occu rs  
a t  the low er c o n c e n tr a t io n s  o f  ca lc iu m  c h lo r id e .  S im ila r  r e s u l t s  
(170) w ere o b ta in ed  fo r  p o ly (L -p r o lin e )  sam ples ran gin g  in  w e ig h t -  
average m o lecu la r  w e ig h ts  from 4 ,4 0 0  to  1 6 ,3 0 0 . The v a lu e  o f  th e  
s lo p e ,  a> was found to  vary from 1 .4  in  pure w a ter  to  0 .7  a t  4.80M  
ca lc iu m  c h lo r id e .  The h ig h e r  v a lu e  o f  a r e p o r te d  fo r  p o ly (L -p r o lin e )  
in  w ater may r e f l e c t  th e  f a c t  th a t  low er m o lec u la r  w e ig h t  sam ples  
w ere u sed . In  f a c t ,  a_ fo r  th e  th r e e  low er m o lec u la r  w e ig h t sam ples  
o f  p o ly  (y -h y d r o x y -L -p r o lin e )  in  w ater  has a v a lu e  o f 1 .3 .
S ed im en ta tio n  c o e f f i c i e n t s . F ig u re  25 shows th e  p lo t s  o f  the  
lo g a r ith m  o f  the d isp la cem en t o f  th e  sed im en tin g  boundary from th e  
c e n te r  o f  r o ta t io n  v s .  tim e ( lo g  r^ v s .  t )  fo r  sam ples FI ( th e  b e s t ) ,
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F igu re 23 . M olecu lar w eig h t dependence o f  th e  i n t r i n s i c  
v i s c o s i t i e s  o f  p o ly  (y -h y d r o x y -L -p r o lin e )  a t  30°C , rea d in g  from  
top  to  bottom , in  w a te r , 1.95M, 3.90M , and 5.57M ca lc iu m  c h lo r id e .
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F igure 24 . V a r ia t io n  o f  th e  exponent o f  th e  m o lecu la r  w eigh t  
dependence o f  th e  i n t r i n s i c  v i s c o s i t y  o f  p o ly  (Y -h y d ro x y -L -p ro lin e )  
w ith  ca lc iu m  c h lo r id e  c o n c e n tr a t io n  a t  30°C . The ex p o n en t, a ,  i s  fo r  
th e  b e s t  s t r a ig h t  l i n e s  through th e  sam ples in  F ig u re  23 .
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F ig u re  2 5 . The lo g a r ith m  o f  th e  d isp la cem e n t o f  th e  
sed im en tin g  boundary from th e  c e n te r  o f  r o t a t io n  (cm) v e r su s  
tim e (m in s .)  fo r  th e  p o ly  (" y-h yd roxy-L -p rolin e) sam ples FI (b e s t )  
a t  an i n i t i a l  c o n c e n tr a t io n  o f  2 .4 0  m g/m l, and HP15 a t  an i n i t i a l  
c o n c e n tr a t io n  o f  1 .6 0  mg/ml a t  20°C.















and HP15 ( th e  w o r s t ) .  Both p lo t s  shew a p p rox im ately  th e  same 
s c a t t e r in g  in  th e p o in t s .  S im ila r  s c a t t e r in g  was ob serv ed  fo r  th e  
o th er  sa m p les . The c o n c e n tr a t io n  dependence o f  th e  sed im e n ta tio n  
c o e f f i c i e n t s  fo r  th e  fo u r  sam ples in  w a ter  a t  20°C i s  shown in  
F igu re 26 . The r e s u l t a n t  e x tr a p o la t io n  to  i n f i n i t e  d i lu t io n  
sed im en ta tio n  c o e f f i c i e n t s ,  s , are  c o l le c t e d  in  T ab le  9 .
T able 9 .  S ed im en ta tio n  and seco n d  v i r i a l  c o e f f i c i e n t s  fo r  
p o ly  (y -h y d r o x y -L -p r o lin e )  sam ples in  w ater
Sample 10~ 3  M w
in 13 a 
1 0  s o 104  A2b ' c 104 A2b - d
HP 15 8 .9 4 1 .0 8  ± 0 . 1 0 ----- 1 0
F3 1 6 .5 1 .1 2  ± 0 .0 3 12 13
F2 2 0 .7 1 .2 8  ± 0 .0 6 2 5
FI 3 5 .2 1 .4 8  ± 0 .0 7 5 10
a . a t  20°C , s e c
b . T here i s  a la r g e  u n c e r ta in ty  a s s o c ia t e d  w ith  th e  secon d
v i r i c a l  c o e f f i c i e n t s  ( s e e  t e x t )  . U n its  are  cm3 m o le /g 2  .
c .  from E quation  55 and th e  s t r a ig h t  l i n e s  in  F igure 13 .
d. from E quation  57 and th e  s t r a ig h t  l i n e s  in  F ig u re  16-
F ig u re  2 7 shows th e  manner in  w hich  th e  se d im e n ta tio n  c o e f f i c i e n t s  
depend on m olecu lar  w e ig h t .  C urature i s  a p p a ren t, as was th e  c a se  
fo r  th e  e q u iv a le n t  r e p r e s e n ta t io n  o f  th e  i n t r i n s i c  v i s c o s i t i e s  in  
w a te r . The b e s t  s t r a ig h t  l i n e  through th e  e r r o r  b a rs fo r  p o ly  (y -  
h y d r o x y -L -p r o lin e )  sam ples F I , F2, and F3 has a s lo p e  o f  about 
0 .3 8 ,  w hich s u g g e s t s  th a t  th e polym er b eh aves as a random c o i l  in






F igu re  26 . C on cen tra tio n  dependence o f  th e  sed im en ta tio n  
c o e f f i c i e n t s  fo r  th e  p o ly  (y -h y d r o x y -L -p r o lin e )  sam ples HP15 
(d iam on d s), F3 ( t r i a n g l e s ) ,  F2 ( s q u a r e s ) ,  and FI ( c i r c l e s )  a t  
20°C in  w a ter .
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a good s o lv e n t  (7 8 ) .  The s lo p e  o f  th e  b e s t  s t r a ig h t  l i n e  through  
th e e r r o r  b ars fo r  sam ples HP15, F3, and F2 has a v a lu e  o f  about 
0 .1 7 .  T h is low er v a lu e  o f  th e  s lo p e  r e f l e c t s  a r o d - l ik e  b eh a v io r  
in  a good s o lv e n t  (78) over a s u b s t a n t ia l  number o f  r e s id u e s .
An a p p r e c ia b le  u n c e r ta in ty  m ust b e  a s s ig n e d  to th e  v a lu e  o f  th e  
s lo p e s  due to  th e  u n c e r t a in t ie s  in  th e  se d im e n ta tio n  c o e f f i c i e n t s  
and the narrow range o f  m o lecu la r  w e ig h t covered  by th e  f r a c t io n s  
s tu d ie d .
A p o ly (L -p r o lin e )  sam ple w ith  an e s t im a te d  m o lec u la r  w e ig h t
o f  1 8 ,0 0 0 -1 9 ,0 0 0  has b een  r e p o r te d  (160) to  have an s 2 g> w 0 .8 3  x  
1310 s e c .  T h is r e s u l t  i s  about 70% as la r g e  as th e  sed im e n ta tio n  
c o e f f i c i e n t  e s t im a te d  from  T ab le  9 fo r  a p o ly (r -h y d r o x y -L -p r o lin e )  
sam ple o f  th e  same m o lec u la r  w e ig h t .  The buoyancy f a c t o r ,  1 -v^> , 
fo r  p o ly (L -p r o lin e )  i s  o n ly  about 70% o f  th a t  fo r  p o ly  (y -h ydroxy-L -  
p r o l i n e ) , a cco u n tin g  fo r  th e  d if f e r e n c e  in  th e  se d im e n ta tio n  c o e f f i c i e n t s  
o f  th e  two p o ly p e p t id e s .
Second v i r i a l  c o e f f i c i e n t s .  The d ata  r e p r e se n te d  in  F ig u res  13 
and 16 a re  s u f f i c i e n t l y  p r e c i s e  to  p ro v id e  a c c u r a te  in t e r c e p t s  and 
m o lecu la r  w e ig h ts , ap p rox im ately  7% e r r o r .  A c o n s id e r a b ly  h ig h e r  
u n c e r ta in ty , ap p rox im ately  50%, e x i s t s  in  th e  s l o p e s ,  and h e n ce , th e r e  
i s  a la r g e  u n c e r ta in ty  in  th e  e s t im a t io n  o f  th e  secon d  v i r i a l  c o e f ­
f i c i e n t s .  The numbers p r e se n te d  in  T ab le  9 corresp on d  to  th e s t r a ig h t
l i n e s  in  F ig u res  13 and 16. Second v i r i a l  c o e f f i c i e n t s  are  p o s i t i v e
- 3  3 2and tend to  be la r g e ,  on th e  ord er o f  10 cm m o le /g  . A la r g e  secon d








F igure 27 . M olecu lar w eigh t dependence o f  th e sed im en ta tio n  
c o e f f i c i e n t s  fo r  p o ly  (y -h y d r o x y -L -p r o lin e )  a t  20°C in  w a ter .
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v i r i a l  c o e f f i c i e n t  was a l s o  o b ta in ed  fo r  a p o ly (L -p r o lin e )  sam ple
/ 3  ^
in  w a ter , w ith  a M o f  9 9 ,0 0 0 , o f  ( 8 .5   ̂ 1) x  10 cm m o le /g  .w
Error a n a l y s i s . The e rr o r  in  th e  num ber-average m o lecu la r
w e ig h ts , Mjj, was e s t im a te d  g r a p h ic a l ly  from F ig u r e  13 from th e  err o r
in  th e  in d iv id u a l  p o in t s .  The erro r  in  Mw was c a lc u la t e d  from th e
s c a t t e r in g  in  th e An c v s .  r" p lo t s  fo r  each  The r e c ip r o c a l
o f  t h i s  e rr o r  tim es th e  lo w e s t  e r r o r  in  each  s e t  o f  c o n c e n tr a t io n
data  fo r  a g iv e n  sam ple was th en  used  as a w e ig h t in g  f a c to r  fo r  th e
g iv e n  MApP p o in t .  The e r r o r  in  M was than c a lc u la t e d  from a w e ig h ted  w w
le a s t - s q u a r e s  r o u t in e ,  E q u ation s B-10 and B - l l ,  A ppendix B. The
erro r  in  s  was a l s o  c a lc u la t e d  in  a s im i la r  manner. The e r r o r  o
in  a l l  param eters are re p o r te d  a s  tw ic e  th e  u n b iased  e s t im a te  o f  
th e  standard  d e v ia t io n ,  or ap p rox im ately  a 95% c o n fid e n c e  i n t e r v a l .
C onform ation al C a lc u la t io n s
Y
R e p r e se n ta tiv e  co n fo rm a tio n a l energy maps w ith  th e  C atom  
exo by 1 7 ° , and = 2 4 0 ° , a re  shown in  F ig u re  2 8 . The cu rv es  a r e ,  
from top to  bottom , u s in g  a d i e l e c t r i c  c o n sta n t  = 4 ,  hydroxyl e l e t r o -  
s t a t i c  in t e r a c t io n s  d e le te d ;  d i e l e c t r i c  c o n s ta n t  = 4 , h yd roxyl 
e l e c t r o s t a t i c  in t e r a c t io n s  in c lu d e d , and d i e l e c t r i c  c o n sta n t = 2 , 
h yd roxy l e l e c t r o s t a t i c  in t e r a c t io n s  in c lu d e d . The en ergy  s c a le  
fo r  each curve was a d ju ste d  to  y i e ld  a minimum energy o f  z e r o .
S l ig h t ly  low er e n e r g ie s  a t  th e  minimum w ere o b ta in ed  w ith  x^ =
240° than w ith  x^ = 0 °  or 1 2 0 ° , bu t th e  manner in  w hich th e  c o n fo r ­
m a tion a l energy v a r ie s  w ith  was found to  be n e a r ly  th e  same fo r














F ig u re  28 . C onform ation a l en erg y  maps o f  th e  in t e r n a l  
d ip e p t id e  u n it  in  p o ly  (y -h y d r o x y -L -p r o lin e )  shown in  F ig u r e  11 
based  on a p y r r o l id in e  r in g  p u ck er in g  a n g le  o f  1 7 ° and w ith
_  o  / .  r \ o
*5 = 2 4 0 ° . The en ergy  s c a le  fo r  each  cu rv e  i s  a d ju s te d  to  y i e l da minimum o f  zero  k c a l/m o l.  The c u r v e s  a re  from top  to  bottom , 
(a ) to  ( c ) ,  as f o l lo w s :  (a )  d i e l e c t r i c  c o n s ta n t  = 4 ,  h y d ro x y l
e l e c t r o s t a t i c  in t e r a c t io n s  d e le t e d ;  (b ) d i e l e c t r i c  c o n s ta n t  = 4 ,  
h yd roxyl e l e c t r o s t a t i c  in t e r a c t io n s  in c lu d e d ;  ( c )  d i e l e c t r i c  
c o n sta n t = 2 , h y d ro x y l e l e c t r o s t a t i c  in t e r a c t io n s  in c lu d e d .
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each  o r ie n t a t io n  o f  th e  h y d ro x y l group. The lo w -en erg y  r e g io n  occu rs  
a t  = 325 ± 4 0 ° ,  w ith  th e  minimum a t  l j = 3 5 0 ° . T h ese g e n e r a l  
fe a tu r e s  are  s im i la r  to  s e v e r a l  co n fo r m a tio n a l en ergy  maps o b ta in e d  
a t  c o n s ta n t  <j> fo r  p o ly (L -p r o lin e )  (4 5 -5 2 )  and p o ly  (y -h y d ro x y -L -  
p r o lin e )  (208) c o n ta in in g  p la n a r  tr a n s  p e p t id e  bonds. A nother low -  
energy r e g io n , n e a r ly  20 K ca l/m o l h ig fie r  than  th e  minimum a t  tp  ̂ =
350° , o ccu rs  n ea r  ip  ̂ = 1 3 0 ° .
I n c lu s io n  o f  th e  e l e c t r o s t a t i c  in t e r a c t io n s  o f  th e  atoms in  th e  
h yd roxy l group does n o t  a l t e r  th e  co n fo rm a tio n a l en ergy  map i f  =
0 °  o r  1 2 0 ° . The h y d ro x y l p roton  o f  r e s id u e  i  +  1 p a r t ic ip a t e s  in  a 
weak e l e c t r o s t a t i c  in t e r a c t io n  w ith  th e  carb on y l oxygen atom o f  
r e s id u e  i  -  1 i f  i s  n ear  290° and = 2 4 0 ° , r e s u l t in g  in  a s l i g h t  
d e c r e a se  in  th e  co n fo rm a tio n a l en e r g y . S in c e  th e  e l e c t r o s t a t i c  energy  
i s  more n e g a t iv e  when ip̂  -  290° than when ip̂  = 350° , th e  d i f f e r e n c e  
in  th e  co n fo r m a tio n a l energy a t  th e s e  two p o in t s  i s  s e n s i t i v e  to  th e  
c h o ic e  o f  th e  d i e l e c t r i c  c o n s ta n t . The d i f f e r e n c e  in  energy i s  
on ly  s l i g h t l y  g r e a te r  than 1 K ca l/m o l i f  th e  d i e l e c t r i c  c o n s ta n t
O
i s  tw o, = 240, and th e  e l e c t r o s t a t i c  e f f e c t s  due to  th e  h yd roxy l 
group a re  in c lu d e d .
The p r e d ic te d  c h a r a c t e r i s t i c  r a t i o s  a r e  shown in  T ab le 10 . 
D e le t io n  o f  th e  e l e c t r o s t a t i c  in t e r a c t io n s  due to  th e  h y d ro x y l group , 
and th e u se  o f  a d i e l e c t r i c  c o n s ta n t  o f  fo u r ,  y i e ld s  a c h a r a c t e r i s t ic  
r a t io  o f  about 135 a t  30°C. The c h a r a c t e r i s t i c  r a t io  i s  d im in ish ed  
by in t e r a c t io n s  w hich d e c r e a se  th e  d i f f e r e n c e  in  energy betw een  th e
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con form ation s w ith  t|/̂  = 290° and 350° • In  a l l  c a s e s  d £n <r >o/dT  
i s  s t r o n g ly  n e g a t iv e .
T able 10 . D im en sion a l p r o p e r t ie s  a t  3 0 °C w ith  th e  
atom exo by 1 7 ° .
x 5
(deg)
D ie l e c t r i c
C onstant
H ydroxyl
E le c t r o s t a t i c
I n te r a c t io n
In clu d ed
Ch ar ac t e r  i s  t  i c  
R a tio 3
2
d £n <r >o/dT  
x  1 0 3 ,a
0 4 No 134 - 6 .5
1 2 0 4 No 139 - 6 . 5
240 4 No 127 - 6 .5
240 4 Y es 113 - 6 .4
240 2 Yes 49 - 3 . 6
At a d eg ree  o f  p o ly m e r iz a tio n  o f  1025.
The avera g e  tra n sfo rm a tio n  m a tr ix ,< T^>» a t  30°C c a lc u la te d  from
th e  co n fo rm a tio n a l energy map fo r  = 2 4 0 ° , d i e l e c t r i c  c o n s ta n t  
o f  two, in c lu s io n  o f  th e  hydroxy e l e c t r o s t a t i c  in t e r a c t io n s ,  and 
which y i e ld s  a c h a r a c t e r i s t i c  r a t io  o f  49 a t  a d eg ree  o f  p o ly m e r iz a tio n  
o f  1025 i s
0 .5 1  0 .6 7  0 .4 7
- 0 .6 1  - 0 .0 8  0 .7 5  (?(
0 .6 0  -0 .6 9  0 .3 7
M a ttic e  and M andelkem  (79) h a v e  s u g g e s te d  th a t  an in t e r a c t io n  o f  
the h yd ro x y l group o f  th e  p y r r o l id in e  r in g  o f  h y d ro x y p ro lin e  and 
th e  p e p t id e  backbone may occu r in  p o ly  (Hyp -  G ly), argu in g  th a t  th e  
low -tem ep ratu re  p o ly  (P ro) ty p e  CD ob served  fo r  p o ly  (H yp -G ly), b u t  
n o t fo r  p o ly  (P r o -G ly ) , m ight b e due to  ord ered  s t r u c tu r e  r e s u l t in g
< T . > =  x
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from hydrogen bonding o f  a Hyp OH w ith  th e  C = 0 m oiety  o f  th e  p re­
c ed in g  Hyp r e s id u e .  T orch ia  (209) h as t e n t a t iv e ly  su g g e ste d  an 
an alogou s OH -■■•0 =®C hydrogen bond fo r  a p o ly  (y -h y d r o x y -L -p r o lin e )  
chain  in  w ater b a sed  on NMR s t u d ie s  o f  th e  h y d r o x y -p r o lin e  p y r r o l id in e
r in g .  As n oted  p r e v io u s ly  ( 7 9 ) ,  m odels in d ic a t e  th a t  a s tr o n g  OH -----
0 =  C hydrogen bond i s  o b ta in ed  on ly  i f  (a ) th e  h y d r o x y -p r o lin e  r in g  
i s  s i g n i f i c a n t l y  exo puckered a t  ( \ n > 30°) and (b) th e r e s id u e  
r o ta t io n  a n g le s  assum es th e  v a lu e s  <J>̂ = 120° and = 2 8 0 ° . The
O
h yd roxy l oxygen and ca rb o n y l oxygen d is ta n c e  i s  ca . ± 0.3A* o f
O
th e  optimum v a lu e  (2 1 0 ) ,  2 .7 -2 .8 A , when tp^ a re  r e s t r i c t e d  a t  
= 120 ± 20 ° ,  ijĵ  = 280 ± 1 0 ° . T orch ia  found th a t  th e  atom was 
exo in  p o ly  (y -h y d r o x y -L -p r o lin e )  and X2  = ^5 ± 10° in  agreem ent w ith  
th e requ irem ents fo r  su ch  a hydrogen bond. T h is  hydrogen bonding  
arrangem ent i s  i l l u s t r a t e d  in  F ig u re  29 .
To t e s t  th e in f lu e n c e  o f  an in tr a c h a in  hydrogen bond on the  
conform ation  o f  a p o ly  (-y -h yd roxy-L -p ro lin e) c h a in , co n fo rm a tio n a l 
energy maps w ere c a lc u la t e d ,  u s in g  a 1 0 - 1 2  hydrogen bond p o t e n t ia l  
fu n c tio n  o f  Poland and S ch erage (1 9 8 ) ,  fo r  v a r io u s  v a lu e s  o f  y , 
th e  p y r r o lid in e  r in g  p u ck erin g  a n g le ,  and x^*
F igure 30 shows th e  co n fo rm a tio n a l energy maps computed u s in g  a 
d i e l e c t r i c  c o n s ta n t  o f  two fo r  fou r exo p u ck erin g  p o s i t io n s  a t  th e  
CY atom. The maps shown a r e  th o se  w hich y ie ld e d  th e  lo w e s t  p o s i t iv e  
energy a t  tp̂  = 290° r e l a t i v e  to  th e  minimum a t  \p̂  = 350° when x^ 
was increm ented  by 10° betw een  240 and 3 2 0 ° . The v a lu e s  o f  x^ fo r  
th e  fou r maps a re  280 , 2 80 , 290 , and 2 7 0 ° , fo r  y = 8 .5 ,  17 , 2 5 .5 ,  and
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F igure 29 . P o s s ib le  hydrogen bond p a tte r n  in  th e  p o ly  (y- 
h y d ro x y -L -p ro lin e ) c h a in .
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
110
F igu re 30 . C onform ational en ergy  maps o f  th e  in te r n a l  d ip e p t id e  
u n it  in  p o ly  (y -h y d r o x y -L -p r o lin e )  shown in  F igu re  11 based on 
p y r r o lid in e  r in g  p u ck erin g  a n g le s  o f  8 .5  (arrow , and go in g  in  th e  
in d ic a te d  d ir e c t io n ) ,  17, 2 5 .5 ,  and 4 5 ° , and w ith x  c = 280 , 280 ,
290 , and 2 7 0 ° , r e s p e c t i v e ly .
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45° r e s p e c t iv e ly .  The arrow s in  th e  f ig u r e  p o in t  to  th e  map fo r  y =
8 .5 ° ,  and p ro cee d in g  in  th e  in d ic a te d  d ir e c t io n  g iv e s  th e  maps fo r
y = 17, 2 5 .5 ,  and 4 5 ° ,  r e s p e c t i v e ly .  As b e f o r e ,  th e  en ergy  s c a l e  fo r
each cu rve was a d ju s te d  to  y i e l d  a minimum en ergy  o f  z e r o . The
g en era l fe a tu r e s  o f  th e s e  maps a r e  s im i la r  to  th o se  o f  F ig u r e  28
c a lc u la te d  w ith o u t th e  hydrogen  bond p o t e n t i a l .
T hree g e n e r a l f e a t u r e s  from th e  maps can b e  s e e n  g o in g  from low
d eg ree  o f  p u ck er in g , y = 8 .5 ° ,  to  h ig h  d e g r e e  o f  p u ck e r in g , y = 4 5 ° .
F i r s t ,  th e  o v e r a l l  r e g io n  o f  th e  maps s l i g h t l y  expand by ab ou t 10°
in  <p. Second , th e  minimum a t  1(1 = 290° d e c r e a se s  from  about 1 k c a l /
i
mol fo r  y = 8 .5 °  to  ab ou t 0 .1  k c a l/m o l fo r  y= 4 5 ° .  And t h ir d ,  th e
r e l a t i v e  maximum a t  ab ou t ^  = 315° in c r e a s e s  from about 2 k c a l/m o l
fo r  y = 8 .5 °  to  about 13 k c a l/m o l,  n o t  show n, fo r  y = 45° ca u s in g  the
energy w e l l s  a t  th e  two minimum to  become s t e e p e r .  The a f f e c t  o f
th e s e  th r e e  f e a tu r e s  can b e  se e n  from F ig u r e  3 1 ,as p lo t s  o f  th e
c h a r a c t e r i s t i c  r a t io  a t  30° C ( s o l i d  cu rve) and th e  tem p eratu re c o e f f i c i e n t ,
2
(dashed  c u r v e ) ,  d in  <r >o/dT , as a fu n c t io n  o f  r in g  p u ck erin g  a n g le  
and from T ab le  1 1 . The c h a r a c t e r i s t i c  r a t io  i s  s e e n  to  drop from about 
55 fo r  y = 8 .5 °  to  about 20 fo r  y = 4 5 ° .  T h is  i s  m ain ly  due to  th e  
lo w er in g  o f  th e  d i f f e r e n c e  in  energy,A  E, b etw een  th e  two minimum a t  
<p -  290 and 3 5 0 ° , T ab le  11. The s l i g h t  ex p a n sio n  in  th e  energy maps 
when g o in g  from y = 8 .5  to  45° may a ls o  pay a s l i g h t  r o l l  in  low erin g  
th e  c h a r a c t e r i s t i c  r a t i o .
2
The tem perature c o e f f i c i e n t ,  d. £n <r >o/dT , in c r e a s e  from about 
-3  - 1- 3  x 10 deg fo r  y = 8 .5 °  to  about z e r o  fo r  y = 4 5 ° . The main













F ig u re  3 1 . C h a r a c t e r i s t ic  r a t io s  a t  30°C ( s o l i d )  and 
tem p eratu re c o e f f i c i e n t s  (d ash ed ) fo r  p o ly  (y -h y d r o x y -L -p r o lin e )  
based  on r ig id  p y r r o l id in e  r in g s  c a lc u la t e d  from th e  co n fo rm a tio n a l 
en ergy  maps shown in  F ig u re  3 0 . Both th e  c h a r a c t e r i s t i c  r a t io s  and 
tem p eratu re c o e f f i c i e n t s  are  c a lc u la te d  a t  a d eg ree  o f  p o ly m e r iz a ­
t io n  o f  1025.
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reason  fo r  th e  in c r e a s e  i s  a g a in  due to  th e  lo w er in g  o f  th e  d if f e r e n c e  
in  energy b etw een  th e  two m inim a. The s m a lle r  th e  d i f f e r e n c e  in  
energy betw een  th e  two minima th e  more e q u a lly  p o p u la ted  th e  two 
co n fo rm a tio n a l s t a t e s  becom e, and th e  l e s s  s e n s i t i v e  th e  two p op u la ­
t io n s  a re  to  tem p eratu re. The s te e p n e s s  o f  th e  two minima p la y s  on ly
2a minor r o l e  in  d eterm in in g  th e  v a lu e  o f  d An <r >0 /  dT.
The c o n fo rm a tio n a l energy was found to  b e  r e l a t i v e l y  u n s e n s i t iv e  
to  r o ta t io n  about th e  h y d ro x y l group fo r  low p u ck erin g  a n g le s , as 
m ight b e  e x p e c te d . H ow ever, as th e  p u ck erin g  a n g le  i s  in c r e a se d  
to  45° th e  co n fo r m a tio n a l en erg y  a t  th e  seco n d  minimum ip̂  * 290 0 , 
was found to  b e  v ery  s e n s i t i v e  to  th e  p o s i t io n  o f  th e  h yd roxy l 
p ro to n . T h is  can b e  s e e n  from  T ab le  11. The c h a r a c t e r i s t i c  r a t io  
v a r ie s  from 354 to  20 to  385 when i s  r o ta te d  from 240 to  270 to  
3 0 0 °, r e s p e c t iv e ly .  The h y d ro x y l o x y g en -ca rb o n y l oxygen d is ta n c e
O O
was found to  vary from  4.05A. fo r  y = 8 .5 ° ,  and ^  = 295° to  2.74A
fo r  y = 4 5 ° , and tp = 2 8 5 ° . In  agreem ent w ith  m odel s t u d ie s  ( 7 9 ) ,
th e  p u ck erin g  a n g le  o f  4 5 ° ,  o r  x 2  ~ 3 8 ° , and ip  ̂ = 285° y i e l d s  a 
h yd roxyl oxygen to  ca rb o n y l oxygen d is ta n c e  o p tim a l fo r  hydrogen  
bond form ation  (2 1 0 ) .  As se e n  from th e  t a b le  under H-Bond en erg y , 
th e  b e s t  hydrogen bond i s  form ed when i s  about 3 0 0 ° . The h yd ro x y l 
proton  o f  r e s id u e  i  +  1  i s  in l in e  w ith  th e  ca rb o n y l group o f  r e s id u e  
i  -  1 when x 5  i s  n ear  3 0 0 ° , and \p  ̂-  280°.
The r e s id u e  e n tr o p y , S , i s  seen  to  vary from about 2 .5  fo r
y = 4 5 ° , and = 2 4 0 ° , to  4 fo r  y = 8 .5 ,  and x^ ~ 2 8 0 ° , when AE i s  
p o s i t i v e ,  or when th e  minimum a t  ip̂  -  350° i s  low er in  energy than

















T able 11. D im ensional p r o p e r t ie s  a t  30°C w ith  in c lu s io n  o f  a hydrogen bonding p o t e n t ia l  (198)
betw een the h yd roxy l proton o f  r e s id u e  i  + 1  and th e  ca rb on y l oxyden o f  r e s id u e  i  -  1 .
H-Bondb
h b
O ' . . .H 0 ' . . . 0 Y S d
d An <r^>o/
Energy Second 0  o C h a r a c te r is t ic dT x 10 3
Y X5 K cal/m ol Minimum AEC A A e .u .  R atio deg - 1
8 .5 280 - 0 .0 5 295 0 .9 4 3 .10 4 .0 5 4 .1 8 55 - 2 .4
17 280 - 0 .2 3 290 0 .6 3 2 .6 5 3 .62 3 .8 7 39 - 1 . 6
2 5 .5 290 - 0 .5 2 290 0 .49 2 .4 1 3 .4 0 3 .6 3 30 - 1 . 2
45 270 -3 .0 0 285 0 .1 3 1 .94 2 .7 4 3 .06 2 0 0 . 0
45 240 - 0 .5 7 285 3 .75 2.39 2 .7 4 2 .49 354 - 2 . 2
45 300 -5 .3 5 285 - 3 .2 1 1 .7 5 2 .7 4 0 . 2 2 385 - 7 .2
a . s e e  t e x t .
b . a t  second minimum n ear  =290°.
c . AE = (energy a t  second  minimum n ear ip = 290°) -  (energy a t  f i r s t  minimum n ear = 3 5 0 ° ) .




th e  minimum a t  - 290° .  When AE becom es n e g a t iv e ,  or when y =
4 5 ° , and <p̂  = 300 , th e r e s id u e  en trop y  drops to  about 0 .2 .  T h is
i s  due to  th e f a c t  th a t  th e  en ergy  w e l l  a t  = 290° i s  much narrow er
than th e  energy w e l l  n ea r  ^  = 3 5 0 ° . The narrow er energy w e l l
becomes p op u la ted  to a g r e a te r  e x te n t  than  th e  b road er w e l l  when AE
becomes n e g a t iv e ,  and h en ce  th e c o n f ig u r a t io n a l  en tropy d e c r e a se s .
The average tra n sfo rm a tio n  m a tr ix , <T^> , a t  30 °C w hich y ie ld s
th e  lo w e st  c h a r a c t e r i s t i c  r a t io  in  T ab le  11 was c a lc u la te d  to  b e
0 .6 6  0 .5 6  0 .2 2
- 0 .4 1  0 .1 0  0 .7 9  (71)
0 . 60 - 0 .6 9  0 .3 0
The manner in  w hich  t h is  c h a r a c t e r i s t i c  r a t io  a t  30° fo r  y = 45°
and Xtj = 270° depends on th e nunsber o f  r e s id u e s  in  th e  polym er c h a in ,
2 2n , i s  shown in  F igu re 32 as a p lo t  o f  <r > o /n  1 v s . n ( s o l i d ) ,
P P P P
2 2and <r >o/n  1 v s .  1 /n  (d a sh e d ). The dashed cu rve i s  seen  to  
P P P
become l in e a r  fo r  n^ > 5 0 , and y i e ld s  a l i m i t in g  v a lu e  fo r  th e  r a t io  
a t  i n f i n i t e  ch a in  le n g th  o f  about 2 0 .5 .  S im ila r  p lo t s  fo r  th e  o th er  
r a t io s  c a lc u la te d  had th e  same g e n e r a l c u r v a tu r e , b u t y ie ld e d  
r e s p e c t iv e ly  h ig h e r  c h a r a c t e r i s t i c  r a t io s  a t  i n f i n i t e  chain  le n g th .
3 .5  D is c u ss io n
M olecu lar w e ig h t  dependence o f  th e  i n t r i n s i c  v i s c o s i t y  and
se d im e n ta tio n  c o e f f i c i e n t s .  The i n t r i n s i c  v i s c o s i t y  can be w r it t e n
2 1 /2in  term s o f  th e  root-m ean -sq u are  e n d -to -e n d  d is t r a n c e ,  <r > ,
and th e  m o lecu lar  w e ig h t , M, fo r  random c o i l e d  polym ers as (211)
[n] = <f> <r2 > 3 /2 /M (72)
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F igure 32 . C h a r a c te r is t ic  r a t io  a t  30°C fo r  p o ly  (y -h yd roxy-
L -p r o lin e )  based on a p y r r o lid in e  r in g  p u ck erin g  a n g le  o f  4 5 ° ,  and
Xc = 270°as a fu n c t io n  o f  th e  d egree o f  p o ly m e r iz a t io n , n ,
( s o l i d ) ,  and 1 /n  (d a sh e d ). P
P
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Here <p i s  a c o n s ta n t  p rov id ed  th e  polym er i s  o f  s u f f i c i e n t l y  h ig h  
m olecu lar  w e ig h t , u su a lly  in  e x c e ss  o f  about 1 0 ,0 0 0 .  A l t e r n a t iv e ly ,  
E quation  72 may b e ex p ressed  as
3 /2  '
. -1 . / l 2  <r2 > \  1 /2  3[n] = <t> ( P  o 1 M “ (7 3 )
\M  .  2  IN o  n 1  /
P P
2
where <r >q i s  th e  unperturbed  m ean-square e n d -to -e n d  d is t r a n c e ,
Mq i s  the r e s id u e  m o lecu la r  w e ig h t , n^ i s  th e  number o f  p e p tid e
b on d s, = i s  th e  exp an sion  c o e f f i c i e n t ,  and 1  i s  th e  d is ta n c e
betw een a d ja c e n t “ carbon atom s. In  th e  c a se  o f  random c o i l  p o ly m ers ,
2 2<r >Q/n  1  approaches a c o n s ta n t  v a lu e  r a p id ly  and i s  independent
o f m o lecu la r  w e ig h t . T h e r e fo r e , i f  th e  polym er i s  in  a 0 s o lv e n t ,
1/2“ = 1 , then th e  v i s c o s i t y  i s  seen  to  b e  p r o p o r t io n a l to  M , o r  th e  
lo g  [n] v s .  lo g  M p lo t  w ould h ave a s lo p e ,  _a, o f  0 . 5 .  I f  th e  polym er 
i s  in  a "good" s o l v e n t , “ > 1 , then th e  i n t r i n s i c  v i s c o s i t y  w i l l  be  
p r o p o r tio n a l to  M1 ' 2  - 3 . The manner in  w h ich  « depends on m olecu lar  
w eig h t can b e  e x p ressed  in  g e n e r a l as ( 2 1 2 )
« 5  -  cc3  = 20^ M1 / 2  (7 4 )
w here Cw and i|). a re  u s u a lly  c o n s id e r e d  c o n s ta n ts  and in d ep en d en t o f  
M -L
m olecu lar w e ig h t .  I f  th e  r ig h t  hand s i d e  o f  E q u ation  74 was s u f f i -
3 5c i e n t ly  la r g e ,  “ co u ld  b e n e g le c te d  compared w ith  = and we
sh ou ld  have H ence, th e  maximum v a lu e  o f  a_ co u ld  vary
from 0 .5  to  0 .8  i f  th e  polym er b ehaves l i k e  a random c o i l  in  a good
s o lv e n t .
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The s e d im e n ta tio n  c o e f f i c i e n t ,  s , a t  i n f i n i t e  d i lu t io n  i so ’
g iv e n  by (78 )
s  = M (1 -  vp) /  N f  (75)o o o
w here v ,  p , and Nq h ave t h e ir  u s u a l m ean ing, and f Q i s  th e  f r i c t i o n a l
c o e f f i c i e n t .  The f r i c t i o n a l  c o e f f i c i e n t  can b e  w r i t t e n  as (213)
f  /n  = P <f1 / 3  (M [ n ] ) 1 / 3  (76)o o
w here q i s  th e  s o lv e n t  v i s c o s i t y  and P i s  a u n iv e r s a l  param eter  
w hich  i s  th e  a n a lo g  o f  <f> o f  th e  v i s c o s i t y  tr e a tm e n t. S u b s t i t u t in g  
E quation  76 in to  E quation  75 y i e l d s
s q = [ <j>1 / 3  P - 1  (1  -vp  ) / n o n q ] m2 ' 3  [n ]" 1 / 3 . (77)
S in c e  e v e r y th in g  w ith in  th e  b r a c k e ts  in  E q u ation  77 a re  u s u a l ly  c o n s id ­
ered  in d ep en d en t o f  m o lec u la r  w e ig h t ,  and s in c e  we have j u s t  shewn
th a t fo r  a random c o i l  polym er in  a good s o lv e n t  [n] i s  p r o p o r t io n a l
0 . 5 - 0 . 8  , j u t .  ^ i   ̂ w 0 .4  -  0 .5  j .,to  M , then sq w i l l  b e  p r o p o r t io n a l to  M under th e
same c o n d it io n s .
As s t a t e d  e a r l i e r ,  th e  r e s u l t s  fo r  th e  b e s t  v a lu e s  fo r  th e  
s lo p e s  o f  th e  lo g  [n ] or lo g  [s q ] v s . lo g  Mw p l o t s  fo r  sam ples F I ,
F 2, and F3 a re  0 .6 8  and 0 .3 8 ,  r e s p e c t i v e ly .  T h ese r e s u l t s  compare 
fa v o ra b ly  w ith  0 .5  -  0 . 8  and 0 .4  -  0 . 5 ,  th e  r a n g e s , as shown a b o v e , 
a n t ic ip a t e d  f o r  random c o i l  polym ers immersed in  a good s o lv e n t  ( 7 8 ) .
In c o n t r a s t ,  r i g id  h e l i c e s  would h ave d lo g  [ n ] /  d lo g  M = 1 .8  and 
d lo g  s q /  d lo g  M = 0 .2  ( 1 9 5 ) ,  r e s u l t s  w hich  a r e  c l e a r ly  incom­
p a t ib le  w ith  th e  d a ta  o b ta in e d  u s in g  th e  th r e e  p o ly  (y -h y d ro x y -L -  
p r o l in e )  f r a c t i o n s .
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I f  th e  b e h a v io r  p r e d ic te d  by th e  Kuhn-Houwink-Mark e q u a tio n  
g iv e n  by
[n ] = KM3  (78)
w ere o b ta in e d  over  th e  com p lete  m o lec u la r  w e ig h t  range s t u d ie d ,
th e  d a ta  in  F ig u re  20 w ould  d e s c r ib e  a s t r a i g h t  l i n e .  T h is  e q u a tio n
fr e q u e n t ly  f a i l s  to  p r e d ic t  th e  b e h a v io r  o f  polym ers a t  low  m o lec u la r
w e ig h t .  The s lo p e  o f t e n  d e c r e a se s  upon g o in g  to  v ery  lew m o lecu la r
w e ig h t  fo r  o rd in ary  f l e x i b l e  po lym ers (2 1 4 ) .  L ess f l e x i b l e  polym ers
may e x h ib i t  c u rv a tu re  in  th e  o th e r  d ir e c t io n  a t  low  m o lec u la r  w e ig h t .
0 9 2
C e l lu lo s e  o b ey s th e  r e la t io n s h ip  [n] = 0 .0 1 7 7  ’ a t  20°C in  50%
s u l f u r i c  a c id  down to  n^ = 150 ( 2 1 5 ) .  T h is co rresp o n d s to  th e  n^
o f  p o ly  (y -h y d r o x y -L -p r o lin e )  F3. The s lo p e  in c r e a s e s  a t  low er
m o lec u la r  w e ig h t  w ith  a maximum s lo p e  o f  1 .3  a t  n.p=15 b e in g  e s t im a te d
(215) . R e c a l l  th a t  t h i s  was a l s o  th e  v a lu e  o f  a  e s t im a te d  fo r  th e
b e s t  l i n e  through sam ples HP15, F 3 , and F2.
The fa c to r s  w hich  co u ld  c o n tr ib u te  to  a h ig h  s lo p e  in  E quation
78 h ave  b een  d is c u s s e d  w ith  r e fe r e n c e  to  c e l l u l o s e  t r i n i t r a t e  (216)
and to  p o ly (L -p r o lin e )  ( 1 7 7 ) .  T h ese  a r e , s e e  E q u ation  7 3 , (a ) a
2 2p o s i t i v e  d <=/ d M, (b) a p o s i t i v e  d (< r >q /  n ^ l^ ) /  dM cau sed  by th e  
c h a r a c t e r i s t i c  r a t io  n o t  h a v in g  a t t a in e d  i t s  l i m i t in g  v a lu e ,  and (c )  
a p o s i t i v e  d <j>/ dM cau sed  by <J> n o t  h a v in g  a t t a in e d  i t s  l im it in g  v a lu e .  
The l a s t  f a c t o r  co u ld  b e  due e i t h e r  to  a hydrodynam ic e f f e c t  r e f l e c t in g  
in c r e a s in g  p erm eation  a t  th e  low er m o lec u la r  w e ig h t  o r  to  d e v ia t io n s  
o f  th e  polym er c o n f ig u r a t io n  from random f l i g h t  s t a t i s t i c s  and s p h e r ic a l  
symmetry w h ich  a re  r e q u ir e d  fo r  th e  th eory  o r  b o th  (2 1 6 ) .
The e f f e c t  o f  d « /  dM w i l l  b e  n e g l i g i b l e  fo r  p o ly  (y -h y d ro x y -L -  
p r o l in e )  b e c a u se  « m ust b e  u n ity  fo r  th e  monomer a n d , l i k e  fo r
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p o ly (L -p r o lin e ) ,  i s  o n ly  a t  m ost 1 .1  fo r  M = 3 5 ,2 0 0 . The e f f e c t  o f
2 2 w d(< r >q/  n p lp ) /  dM has b een  e s t im a te d  f o r  p o ly  (L -p r o lin e )  (177)
from th e  m o lec u la r  w e ig h t  dependence o f  th e  c h a r a c t e r i s t i c  r a t io
c a lc u la te d  from a s q u a r e -w e ll  r o t a t io n a l  p o t e n t ia l  fu n c t io n  a t
<j> = 102° and ip = 310 ± 5 5 ° ,  w hich s a t i s f a c t o r i l y  reproduced  th e
ex p er im en ta l c h a r a c t e r i s t i c  r a t i o  f o r  SCCB, Mw = 9 9 ,0 0 0 ,  in  o r g a n ic
s o lv e n t s  a t  30°C. A lth ou gh  some c u r v a tu r e  in  th e  lo g  [n 3 v s . lo g  M
2
p l o t  c a lc u la t e d  u s in g  E quation  73 c o u ld  b e  a cco u n ted  fo r  from d(<r >q /
2
O p lp )/ dM ov er  th e  m o le c u la r  w e ig h t  ran ge s t u d i e d ,  i t  was r e a d ily
ap p aren t th a t  t h is  was by no means th e  co m p lete  p ic t u r e .  In ord er
to  a ccou n t fo r  th e  o b serv ed  [q ] o f  th e  p o ly (L -p r o lin e )  sam ple w ith
M = 4,400,(1) w ould  h ave to  b e  ab ou t h a l f  th e  v a lu e  u sed  fo r  th e  w
p o ly (L -p r o lin e )  sam ple w ith  Mw = 9 9 ,0 0 0 . S im ila r  c o n c lu s io n s  can
2
b e reached  f o r  p o ly  (y -h y d r o x y -L -p r o lin e )  b a se d  on th e  d (< r >q /  n ^L^2) /
dM c a lc u la t e d  from th e  c o n fo r m a tio n a l en ergy  map w hich  y ie ld e d  th e
lo w e s t  c h a r a c t e r i s t i c  r a t io  in  T ab le  11 . A lthough  t h is  map y i e ld s
h ig h e r  [n] than  th e  e x p e r im e n ta l d a ta  o v er  th e  m o lec u la r  w e ig h t  range
s t u d ie d ,  M = 8 ,9 4 0  -  3 5 ,2 0 0 ,  th e r e  was no o b se r v a b le  cu rv a tu re  in  w
th e c a lc u la t e d  lo g  [q] v s .  lo g  M o v er  t h i s  m o lec u la r  w e ig h t  ra n ge.
T h is Is in  agreem ent w ith  th e  c a lc u la t e d  cu rve f o r  p o ly  (L -p r o lin e )  
in  t h is  m o lecu la r  w e ig h t  range (1 7 7 ) .  A lso  i f  th e  i n t r i n s i c  v i s ­
c o s i t y  c a lc u la te d  fo r  sam ple F2 i s  a d ju s te d  to  g iv e  th e  ex p er im en ta l 
v a lu e ,  then  <j> w ould  h ave to  b e  about 70% o f  th e  v a lu e  used  fo r  F2 to  
rep rod u ce th e  [q] o f  sam ple HP15. T h is  p e r c e n ta g e  r e d u c tio n  in  <)> 
i s  a ls o  req u ir ed  fo r  th e  c a lc u la t e d  [q] o f  a p o ly (L -p r o lin e )  sa m p le ,
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M = 9 ,0 0 0 ,  to  a g ree  w ith  th e  e x p er im en ta l [n ] o f  th a t  m o lecu la r  w
w e ig h t .  The r e d u c t io n  in  <j> was s u g g e s te d  in  b o th  c e l l u l o s e  t r i n i t r a t e
(216) and in  P o ly  (L -p r o lin e )  (177) to  b e  cau sed  by d e v ia t io n s  from
G aussian  s t a t i s t i c s .  A lthough a hydrodynam ic e f f e c t  (214 ) r e f l e c t in g
in c r e a se d  perm eation  a t  low  m o lec u la r  w e ig h t  may a ls o  b e  o p e r a t iv e .
The n a tu r e  o f  th e  cu rv a tu re  in  lo g  s v s .  lo g  M a t  lew  m ole-o w
c u la r  w e ig h t ,  F ig u re  2 7 , i s  c o n s i s t e n t  w ith  th e  cu rv a tu re  in  
lo g  [n ] v s . lo g  M.
T em perature c o e f f i c i e n t .  As s t a t e d  in  th e  r e s u l t s ,  th e  l im it in g  
tem perature c o e f f i c i e n t  o f  [n ] f o r  p o ly  (y -h y d r o x y -L -p r o lin e )  i s  
la r g e  and n e g a t iv e .  T h is  was a ls o  th e  c a s e  found fo r  p o ly  (L -p r o lin e )  
(177) and fo r  c e l l u l o s e  d e r iv a t iv e s  ( 2 0 5 ) .  F or b oth  p o ly (L -p r o lin e )  
and th e  c e l l u l o s e  d e r iv a t iv e s  th e  la r g e  n e g a t iv e  d An [n ] /  dT 
cou ld  n o t  b e  a ccou n ted  fo r  by changes in  ® w ith  tem p eratu re. The 
exp an sion  c o e f f i c i e n t  f o r  p o ly (L -p r o lin e )  was found to  on ly  vary  
from 1 .1 1  a t  5°C to 1 .0 9  a t  30 °C. I n s te a d , th e  d e c r e a se  in  [n]
2
w ith  tem p eratu re m ust r e f l e c t  an u n u su a lly  ra p id  d e c r e a se  in  <r >q/
2
npfp  w ith  tem p era tu re , a c o n c lu s io n  a l s o  p r e v io u s ly  deduced in  th e
2
stu d y  o f  c e l l u l o s e  t r ib u t y r a t e  (2 1 7 ) .  The ra p id  d e c r e a se  in  <r > /c
2
np lp  w ith  tem p era tu re  was a s c r ib e d  to  c o n s id e r a b le  m o d if ic a t io n s  to  
th e  p o t e n t ia l s  r e s t r i c t i n g  r o t a t io n s  ab ou t th e  o th e r  lin k a g e s  in  th e  
c e l l u l o s e  d e r i v a t i v e s .  In  p o ly (L -p r o lin e )  th e  la r g e  n e g a t iv e  
d An [ n ] /  dT co u ld  b e  a s c r ib e d  to  a r i s e  from e i t h e r  (a ) an in c r e a s e  
in  th e  a llo w a b le  range in  if; , an in c r e a s e  in  th e  p o p u la t io n  about 
ip -  130° (54) , o r  (b) c i s - t r a n s  is o m e r iz a t io n  ab ou t th e  p e p t id e  bond.
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2 '2In e i t h e r  c a s e  a low er <r > /  n 1 would r e s u l t .o p p
2 2The tem perature c o e f f i c i e n t s ,  d £n(<r >q /  n ^ l^ ) /  dT, c a l c u la t e d  
from the con form ation a l maps b a se d  on r i g i d  p y r r o l id in e  r ings  d e sc r ib e d  
in  the  r e s u l t s  w ere found to  b e  s e n s i t i v e  to  th e  d i f f e r e n c e  in  energy b e ­
tween th e  twominima a t  ip- 290°and 350°, T ables  10 and 11 , and F igure  31 .
I f  th e  tem perature dependence o f  “ i s  n e g l i g i b l e ,  then d £n [ n1 / dT =
2 23/2  d £n(<r >q/  n ^ lp ) /d T  fo r  la r g e  m o lecu la r  w e ig h t  polym ers.
From the  c a l c u l a t i o n s  i t  can b e  s e e n  th a t  the  low er the  c h a r a c t e r i s t i c
2 2r a t i o ,  then the s m a l le r  i s  d £n(<r > /  n 1 ) /  dT in  the a b s o lu teo p p
s e n s e .  I f  th e  c h a r a c t e r i s t i c  r a t i o  f o r  p o ly  (y -h y d r o x y -L -p r o lin e )  i s  
l a r g e ,  then th e s e  maps can accou n t f o r  th e  ob served  tem perature  
dependence o f  [n ] .  But as s t a t e d  e a r l i e r  the i n t r i n s i c  v i s c o s i t y  
c a lc u la t e d  from Equation 73 u s in g  the lo w e s t  c h a r a c t e r i s t i c  r a t i o  in  
Table 11 was h ig h e r  than th e  e x p e r im e n ta l ly  determ ined [q ] .  T h is  
seems to i n d i c a t e  th a t  the c o n fo rm a t io n a l  energy maps c a l c u la t e d  
for  poly  (y -h y d r o x y -L -p r o l in e )  w ith  a l l  trans p e p t id e  bonds based  on 
r i g id  p y r r o l id in e  r in g s  cannot accou nt fo r  the  observed  hydrodynamic 
p r o p e r t ie s  o f  t h i s  polymer.
Combination o f  s e d im e n ta t io n  c o e f f i c i e n t  and i n t r i n s i c  v i s c o s i t y .
A fu r th e r  t e s t  o f  the  v a l i d i t y  o f  th e  c o n c lu s io n s  o b ta in e d  from d log  [ q ] /  
d  log  M and d lo g  s q /  d lo g  M i s  prov id ed  by com bination  o f  the sedimen­
t a t io n  c o e f f i c i e n t ,  i n t r i n s i c  v i s c o s i t y ,  and m olecu lar  w e ig h t  accord in g  
to Equation 79 (218 , 2 1 9 ) .
e .  V o  M 1/3 " n
M2 ^3 (1 -  vp) (79)
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n Q i s  the s o lv e n t  v i s c o s i t y  in  p o i s e ,  and Nq ,  s q ,  [ n ] , M,  v ,  and p 
have t h e i r  u su a l meaning. The 3 ' s  fo r  th e  fo u r  p o ly  (y -h ydroxy-L -  
p r o l in e )  sam ples are p r e s e n te d  in  F igu re  33. The e r r o r  bars  in  
the f ig u r e  r e f l e c t  the u n c e r t a in t i e s  in  s q ,  M, and v .  The 3 *s 
tend to d e c r e a se  w ith  in c r e a s in g  m o lec u la r  w e ig h t ,  and th e  b e s t  
s t r a i g h t  l i n e  drawn through th e  fo u r  p o in t s  has an i n t e r c e p t  o f  
2 .4 6 .  C le a r ly  a l i n e  cou ld  j u s t  as e a s i l y  b e  drawn through th e  
error  bars which i n t e r c e p t s  th e  graph a t  2 .1 5  or  2 . 9 .  The r e s u l t s  
for  the  th r e e  f r a c t i o n s ,  F I ,  F 2 , and F3, are c o n s i s t e n t  w ith  a 
m olecu lar  w e ig h t  independent 3 o f  ( 2 . 5  -  2 .8 )  x  10^ , dashed l i n e s .  
Values o f  3 ' s  fo r  s i x  d i f f e r e n t  p o ly m e r -s o lv e n t  system s ( p o ly s t y r e n e -  
methyl e t h y l  k e to n e ,  p o ly s t y r e n e - t o lu e n e ,  c e l l u l o s e  a c e t a t e - a c e t o n e ,  
p o ly s a r c o s in e - w a t e r , p o ly i s o b u t y le n e - c y c lo h e x a n e ,  and p o ly  (m eth y l-  
m eth a cry la te )  -  a ce to n e )  (78) are  in  th e  range ( 2 . 3  -  2 .7 )  x  10 
C onsequently the  r e s u l t s  o b ta in e d  w ith  th e  p o ly  (y -h y d r o x y -L -p r o l in e )  
f r a c t i o n s  are  in  the  range o b ta in ed  w ith  random c o i l  p o lym ers .  T h is  
c o n c lu s io n  i s  in  harmony w ith  th a t  o b ta in ed  from d lo g  [n ] /  d lo g  M 
and d lo g  s q /  d lo g  M.
I t  i s  o f  i n t e r e s t  to  compare th e  e x p e r im e n ta l  3  w i th  th o se  
which sh ou ld  b e  o b ta in ed  i f  the form A c h a in  geom etery w ere r ig o r o u s ly
O
m ain ta ined  in  s o l u t i o n .  The le n g th  o f  th e  h e l i x  would then b e  3 .1 2 A
O
per r e s id u e  (44) . The d iam eter o f  the  h e l i x  was chosen  to  be 10A, a va 
o b ta in ed  from a CPK model o f  the form A h e l i x .  The p r e d ic te d  3 ' s  
are  o b ta in ed  from th e  c a l c u la t e d  a x i a l  r a t i o s  and th e  t a b l e s  rep o rted






F igu re  33 . M olecu lar  w e ig h t  dependence o f  B ( s e e  t e x t )  
fo r  p o ly  (y -h y d r o x y -L -p r o l in e )  a t  20°C in  w a te r .  The curved l i n e  
i s  the B's p r e d ic te d  fo r  a r o d - l i k e  m o le c u le  w ith  an ag id  t r a n s ­
l a t i o n  o f  3 .1 2  A per r e s id u e  (44) and a d iam eter  o f  10A. The 
p r e d ic te d  B 's  are  o b ta in ed  from th e  c a l c u la t e d  a x i a l  r a t i o s  and 
th e  t a b l e s  rep o r te d  in  r e f e r e n c e  219 fo r  a p r o la t e  e l l i p s o i d .
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in  r e f e r e n c e  219 ,  and a re  shown as th e  curved  l i n e  la b e le d  ROD 
in  F igu re  3 3 .
The $ c a l c u l a t e d  f o r  sam ple  HP15, lo w e s t  m o lec u la r  w e ig h t
sam ple , i s  2 .72  x  10^ , w hich  i s  c o n s i s t e n t  w i th  th e  e x p e r im e n ta l
r e s u l t  o f  ( 2 .9 5  ± 0 .3 7 )  x  10^ . The $ ' s  c a l c u l a t e d  f o r  th e  s o l i d
s t a t e  geom etry in c r e a s e s  w i th  in c r e a s in g  m o le c u la r  w e ig h t .  This
e f f e c t  i s  n o t  reproduced by th e  e x p e r im e n ta l  3 ' s .  For th e  h i g h e s t
m o lecu la r  w e ig h t  sam ple, F I ,  th e  c a l c u l a t e d  v a lu e  f o r  form A i s  
63 .2 1  x 10 . This  i s  much l a r g e r  than  th e  r e s u l t  o b ta in e d  e x p e r im e n ta l ly
w ith  FI.
The hydrodynamic p r o p e r t i e s  o f  th e  p o ly  (-Y -hydroxy-L -pro line)  
f r a c t i o n s ,  F I ,  F2, and F3, can b e  summarized as f o l l o w s :  
d lo g  [ n ] /  d lo g  M, d lo g  s /  d l o g  M, d g /  dM, and g a l l  e x h i b i t  th e  
b e h a v io r  ob served  w i th  random c o i l  polym ers in  good s o l v e n t s ,  and 
they c o n f l i c t  w ith  th e  v a lu e s  a n t i c i p a t e d  i f  th e  form A c h a in  
c o n f ig u r a t io n  w ere r i g o r o u s l y  m a in ta in ed  in  s o l u t i o n .
The f r i c t i o n a l  and d i f f u s i o n  c o e f f i c i e n t s  fo r  th e  v a r io u s  
poly  ( y h y d r o x y - L - p r o l in e )  sam ples can be c a l c u l a t e d  from the  s e d i ­
m en ta t io n  c o e f f i c i e n t s  and m o le c u la r  w e ig h ts  u t i l i z i n g  E quations 75 
and 8 0 ,  r e s p e c t i v e l y .
D = SQ RT (80 )
°  M (1 -v p  )
The v a lu e s  fo r  th e s e  c o e f f i c i e n t s  a lo n g  w ith  t h e i r  u n c e r t a i n t i e s  f o r  
th e  four p o ly  (y -h y d r o x y -L -p r o l in e )  sam ples s tu d ie d  are  r e p o r te d  in  
Table 12 . No new c o n c lu s io n s  can be s t a t e d  about t h e s e  c o e f f i c i e n t s  
b ecau se  th e y  are c a l c u l a t e d  r a th e r  than  measured q u a n t i t i e s .  They are  
p r e s e n te d  h ere  o n ly  a s  an a id  to  th e  rea d er  fo r  comparing t h e s e  r e s u l t s  
w ith  s i m i l a r  r e s u l t s  in  th e  l i t e r a t u r e .
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Unperturbed d im e n s io n s . As m entioned  in  th e  g e n e r a l  in t r o d u c t io n ,  
Chapter 1 , th e  c h a r a c t e r i s t i c  r a t i o  fo r  p o ly  (y  -h y d r o x y -L -p r o l in e )  
can be c a l c u l a t e d  from th e  d a ta  a ssem bled  in  T a b les  8 and 9 u s in g  
E q u ation s  3 -5  as has been  done p r e v i o u s l y  u s in g  d a ta  o b ta in ed  w ith  
o th e r  random c o i l  p o ly p e p t id e s  i n  good s o l v e n t s  (7 5 ,  8 0 ,  8 2 -8 4 ,  1 7 7 ) .
No c o n s id e r a t i o n  need be g iv e n  to  p o l y d i s p e r s i t y  fo r  p o ly  (Y -hydroxy-  
L - p r o l in e )  samples F I ,  F 2 , and F3 b e c a u s e ,  as s t a t e d  e a r l i e r  in  th e  
r e s u l t s ,  t h e i r  m o le c u la r  w e ig h t  d i s t r i b u t i o n s  are  narrow. The r a t i o  
o f  th e  z -a v e r a g e  t o  th e  w e ig h t -a v e r a g e  m o le c u la r  w e ig h t  fo r  sample 
HP15 i n d i c a t e s  a s l i g h t  h e t e r o d i s p e r s i t y , but t h i s  sample too  was 
t r e a t e d  as though i t  were m o n o d isp e r se .
The e x p a n s io n  c o e f f i c i e n t s ,  “ , o b ta in e d  from th e  second v i r i a l  
c o e f f i c i e n t s  o f  th e  o sm o t ic  p r e s s u r e ,  OP, and s e d im e n ta t io n  
e q u i l ib r iu m ,  SE, d a ta  from E q u ation  5 a re  shown in  T able  12 . F o r t u n a t e ly ,  
th e  la r g e  u n c e r t a in t y  i n  th e  secon d  v i r i a l  c o e f f i c i e n t  does  not p ro ­
duce a s im i l a r  la r g e  u n c e r t a in t y  in  « . The ex p a n s io n  c o e f f i c i e n t s  
are s l i g h t l y  g r e a te r  than  u n i t y .  T h is  was a l s o  th e  c a s e  fo r  a
p o ly ( L - p r o l i n e )  sample o f  M = 9 9 ,0 0 0  ( 1 7 7 ) .  C h a r a c t e r i s t i c  r a t i o sw
a re  shown in  T able  12 and F ig u r e  35 - The dark c i r c l e s  in  F igu re  35
are th e  r a t i o s  c a l c u l a t e d  u s in g  th e  A„ and M o f  th e  se d im e n ta t io n2 w
e q u i l ib r iu m  d a t a .  The t r i a n g l e s  in  th e  f i g u r e  are  the  r a t i o s  c a l c u la t e d
from th e  A  ̂ and o f  th e  o s m o t ic  p r e s s u r e  d a ta .  The e r r o r  bars
r e f l e c t  th e  e s t im a te d  e r r o r s  i n  A  ̂ and th e  m o le c u la r  w e ig h t .  The
i n t e r c e p t  o f  th e  b e s t  s t r a i g h t  l i n e  drawn through th e  p o in t s  y i e l d s  
2 2an (<r >q /  n^ l )„„ o f  1 5 .8  w ith  an u n c e r t a in t y  o f  about 10%.
For com p arison , th e  r e s u l t  o b ta in e d  (177 )  w ith  p o ly ( L - p r o l in e )  in
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F igu re  3 4 .  M olecu lar  w e ig h t  dependence o f  th e  c h a r a c t e r i s t i c  
r a t i o  o f  p o ly  (Y -h y d r o x y -L -p r o l in e )  in  w ater  a t  30°C. C ir c l e s  
d en ote  r e s u l t s  o b ta in e d  u s in g  Mw and A o b t a i n e d  from s e d im e n ta t io n  
e q u i l ib r iu m .  T r ia n g le s  d en o te  r e s u l t s  o b ta in e d  u s in g  and the  
A o b ta in ed  u s in g  osmometry.

















Table 12. Parameters c a l c u la t e d  from th e  experim enta l  
r e s u l t s  fo r  p o ly  ( y -h y d r o x y -L -p r o l in e ) .











UV 1 /2 /3 .1 2 n
P
SEd OP6 SEd 0Pe SEd op6
HP 15 8 .9 4 2 .93  ± 0 .3 7 8 .6 ± 1 .1 4 .7 + 0 .6 1 .09 ------- 8 .6 ----- 0 .4 0 -------
F3 16 .5 2 .6 2  ± 0 .2 4 4 .8 ± 0 .4 8 .4 + 0 .8 1 .10 1 .0 9 11 .6 11 .8 0 .3 4 0 .36
F2 2 0 .7 2 .8 2  ± 0 .3 2 4 .3 ± 0 .5 9 .3 + 1 .1 1 .04 1 .0 2 12.5 14 .7 0 .3 2 0 .35
FI 3 5 .2 2 .5 1  ± 0 .33 3 .0 ± 0 .4 13 .6 + 1 .8 1 .1 0 1 .1 0 12 .9 13 .9 0 .2 5 0 .26
a .  a t  20°C.
b . d i f f u s i o n  c o e f f i c i e n t .
c .  f r i c t i o n a l  c o e f f i c i e n t .
d . u s in g  the  A„ and M o b ta in ed  from sed im en ta t io n  e q u i l ib r iu m .
2  W
e .  u s in g  the  and ob ta in ed  from osm otic  p r e ssu r e .
127b
128
water at 30°C i s  1 3 .7  ± 0 . 9 .  While th e  c h a r a c t e r i s t i c  r a t i o  o f  p o ly  (Y- 
h y d ro x y -L -p r o lin e )  m ight be s l i g h t l y  la r g e r  than that o f  p o ly (L -p r o l in e )  
the  d i f f e r e n c e  does not exceed  th e  ex p er im en ta l  u n c e r ta in ty  in  the  
measurements. This  r e s u l t  p ro v id es  c o n f ir m a t io n  fo r  the  p r e d ic t io n  
by Schimmel and F lo ry  (220) th a t  p o ly ( L - p r o l in e )  and p o ly  (y -hydroxy-  
L -p r o l in e )  would have e q u iv a le n t  unperturbed d im e n s io n s .  As s ta t e d  
in  th e  in t r o d u c t io n  co n cer n in g  p o l y ( L - p r o l i n e ) , th e  c h a r a c t e r i s t i c  
r a t i o  fo r  p o l y ( L - p r o l i n e ) , and h en ce ,  p o ly  (y -h y d r o x y -L -p r o l in e ) ,  
exceed s  th o se  r a t i o s  o f  about 9 o b ta in ed  fo r  hom opolypeptides b ea r in g  
-Cl^R s id e  ch a in s  in  L c o n f ig u r a t io n  (75 ,  8 0 ) ,  fo r  v a r io u s  c o p o ly ­
p e p t id e s  (8 3 ,  8 4 ) ,  and fo r  p r o te in s  ( 8 2 ) .
2 1/2The r a t i o  o f  <r > , o b ta in ed  from th e  c h a r a c t e r i s t i c  r a t i o s
o
shown in  Table 12 , to  th e  e n d -to -e n d  d is ta n c e  fo r  a p o ly  (y -h ydroxy-  
L -p r o l in e )  A h e l i x  i s  a means o f  r e p r e s e n t in g  the  d e v ia t io n  o f  
the po ly  (y -h y d r o x y -L -p r o l in e )  c h a in  conform ation  in  s o l u t i o n  from 
th a t  adopted by form A in  the  s o l i d  s t a t e  ( 4 4 ) .  The v a lu e s  o f  t h i s  
r a t i o  are  c o l l e c t e d  in  Table 12 . A l l  sam ples s t u d i e s  have a root-m ean-  
square en d -to -en d  d i s t a n c e  which i s  l e s s  than h a l f  the  v a lu e  c h a r a c te r ­
i s t i c  o f  th e  form A h e l i x .  T h is  r a t i o  d e c r e a s e s  to  o n e - fo u r th  fo r  F I ,
the  sample w ith  a m o lec u la r  w e ig h t  o f  3 5 ,0 0 0 .  S im ila r  r e s u l t s  were
2 1/2o b ta in ed  fo r  p o ly ( L - p r o l in e )  ( 1 7 7 ) .  In  f a c t ,  t h e < r > o f  the
p o ly (L -p r o l in e )  sample w ith  M = 9 9 ,0 0 0  was o n ly  o n e - f i f t h  th a t  o f  thew
e n d -to -en d  d i s t a n c e  o f  a p o ly ( L - p r o l in e )  form I I  c h a in .  With both  
polymers a h igh  d egree  o f  c o i l i n g  i s  i n d i c a t i v e .
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The co n fo rm a tio n a l  energy maps c a lc u la te d  above fo r  r i g i d
p y r r o l id in e  r in g s  c l e a r l y  do not p r e d ic t  c h a r a c t e r i s t i c  r a t i o s ,
T ables  10 and 11, which are in  the  range o f  th e  observed  r a t i o .  Of
the  r a t i o s  c a l c u l a t e d , t h e  c h a r a c t e r i s t i c  r a t i o  o f  20 c a l c u la t e d  from
the energy map b ased  on a p y r r o l id in e  r in g  p uckering  an g le  o f  45°
comes c l o s e s t  to  th e  ob served  v a lu e  o f  about 15 . However, as men-
2 2t io n e d  above, d &n(<r > /n  1 ) /  dT i s  zero  f o r  t h i s  map, which i so p p
in co m p a tib le  w ith  e x p er im en ta l  r e s u l t s .  S im i la r  co n fo rm a tio n a l energy  
maps fo r  p o ly ( L - p r o l in e )  and p o ly  (y -h y d r o x y -L -p r o l in e )  (177 , 220 ,
221) based on r i g i d  p y r r o l id in e  r in g s  a l s o  gave la r g e r  c h a r a c t e r i s t i c  
r a t i o s  than th e  ob served  r a t i o s  fo r  e i t h e r  polym er. I t  th e r e fo r e  
appears th a t  p o ly  (y -h y d r o x y -L -p r o l in e )  as w e l l  as p o ly ( L - p r o l in e )  
p o s s e s s e s  a sou rce  o f  f l e x i b i l i t y  which i s  not a d eq u a te ly  r e p r e se n te d  
in  the  com putations le a d in g  to  th e  co n fo rm a tio n a l  energy maps based  
on r i g i d  p y r r o l id in e  r i n g s .
Proton NMR measurements in  aqueous s o l u t i o n  dem onstrate th a t  the  
p y r r o l id in e  r in g  in  p o ly ( L - p r o l in e )  in t e r c o n v e r t s  r a p id ly  between  
two puckered con form ation s  ( 1 9 7 ) ,  w h i le  a s i n g l e  conform ation  i s  
favored  in  p o ly  (y -h y d r o x y -L -p r o l in e )  (2 0 9 ) .  In  both c a s e s  th e  pyr-
y
r o l i d i n e  r in g  was puckered a t  th e  C atom. P u lse  F o u r ier  transform
NMR shows rap id  r in g  m otion  in  both homopolymers, w ith  the  p y r r o l id in e  
r in g  in  p o ly ( L - p r o l in e )  b e in g  th e  more m ob ile  ( 2 2 2 ) .  These o b se r v a ­
t io n s  have a d i r e c t  b e a r in g  on th e  unperturbed d im ensions b ecau se  th e
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s e v e r i t y  o f  th e  s t e r i c  i n t e r a c t i o n  betw een  hydrogens on a d ja cen t  
p y r r o l id in e  r i n g s ,  and hence th e  p o t e n t i a l  fu n c t io n  fo r  ip , depend on 
th e  con form ation  adopted by th e  p y r r o l id in e  r in g s  ( 5 4 - 5 6 ) .  As s t a t e d  
in  the in t r o d u c t io n  f l e x i b i l i t y  in  th e  p y r r o l id in e  r in g  y i e l d s  co n ­
fo rm a t io n a l  en ergy  maps f o r  p o ly ( L - p r o l in e )  w hich  p r e d ic t  c h a r a c t e r i s t i c  
r a t i o s  (54 ) co m p a tib le  w ith  th o se  determ ined  e x p e r im e n ta l ly  fo r  t h i s  
polym er. A lso  t h e s e  maps y i e l d  tem perature c o e f f i c i e n t s  which are  
la r g e  and n e g a t i v e .  S im i la r  co n fo rm a tio n a l  en ergy  maps based  on
f l e x i b l e  p y r r o l id in e  r i n g s  fo r  p o ly  (y -h y d r o x y -L -p r o l in e )  a l s o  p r e d ic t
2 2
(56) c h a r a c t e r i s t i c  r a t i o s  and d £ n (< r  > Q/ d np ^ p ^  dT w*l i c *1 ag ree  
w ith  th e  e x p e r im e n ta l ly  determ ined  p r o p e r t ie s  rep o rted  h e r e .
An a l t e r n a t i v e  so u r c e  o f  th e  added f l e x i b i l i t y  demanded by th e  
e x p e r im e n ta l ly  determ ined  c h a r a c t e r i s t i c  r a t i o s  o f  both p o ly ( L - p r o l i n e )  
and p o ly  (y -h y d r o x y -L -p r o l in e )  i s  r o t a t i o n  about th e  p e p t id e  bond.
The e f f e c t  o f  a sm a ll  number o f  e l s  p e p t id e  bonds in  p o ly ( L - p r o l in e )  
has a lr e a d y  been  d i s c u s s e d  i n  th e  in t r o d u c t io n .  E xperim enta l work 
based on p roton  F o u r ie r  tran sform  NMR (184) in d ic a t e d  th a t  2-3% 
o f  the  p e p t id e  bonds adopt th e  c i s  co n fo rm a tio n . Monte C arlo c a l c u l a ­
t i o n s  (183) showed th a t  c h a r a c t e r i s t i c  r a t i o s  i n  the  range found  
e x p e r im e n ta l ly  c o u ld  be computed based  on a s m a ll  in c o r p o r a t io n ,  
about 5%, o f  c i s  p e p t id e  bonds i n  a p o ly ( L - p r o l in e )  c h a in .
I t  i s  tem pting  to  a s s e r t  th a t  th e  so u rce  o f  th e  added 
f l e x i b i l i t y  shou ld  be th e  same fo r  both  hom opolypeptides  b ecau se  o f  
the s i m i l a r i t y  in  t h e i r  s t r u c t u r e s ,  c h a r a c t e r i s t i c  r a t i o s ,  and
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tem perature c o e f f i c i e n t s .  There i s  no c o n v in c in g  e v id e n c e  fo r  th e  
e x i s t e n c e  o f  c i s  p e p t id e  bonds i n  p o ly  ( y - h y d r o x y - L - p r o l in e ) ,  e i t h e r  
in  th e  s o l i d  s t a t e  or i n  s o l u t i o n .  I t  i s  p o s s i b l e  t h a t  a few c i s  
p e p t id e  bonds are  p r e s e n t  i n  p o ly  (y -h y d r o x y -L -p r o l in e )  when d i s s o l v e d  
in  w ater  and th a t  th e y  h a v e  s im p ly  escap ed  d e t e c t i o n .  In d e ed ,  th e  
r e g io n  in  the  proton  NMR spectrum , reso n a n ce  a t  4 . 3  ppm, n orm ally
CC y
a t t r ib u t e d  to  th e  C c i s  p ro to n  i s  ob scured  by th e  C p ro to n  re so n a n c e  
in  aqueous p o ly  (Y -h y d r o x y -L -p r o l in e )  ( 2 2 3 ) .
E f f e c t  o f  ca lc iu m  c h l o r i d e . P re v io u s  work (174) has shown t h a t
ca lc iu m  c h lo r id e  red u ces  th e  i n t r i n s i c  v i s c o s i t y  and e l im in a t e s
the p o s i t i v e  225 nm c i r c u l a r  d ic h r o ism  band i n  a p o ly  (y -h yd roxy-
L -p r o l in e )  sample w ith  M = 9 ,0 0 0 .  S im i la r  e f f e c t s ,  a l th o u g h  a t  some-
w
what lower s a l t  c o n c e n t r a t i o n s ,  o ccu r  w ith  p o ly ( L - p r o l i n e )  ( 1 7 4 ) .
The r e s u l t s  r e p o r te d  h e r e  fo r  p o ly  ( y - h y d r o x y - L - p r o l in e ) ,  as w ith  
p o ly ( L - p r o l in e )  (1 7 0 ,  1 7 4 ) ,  show t h a t  lo g  [q] becomes more s e n s i t i v e  
to  ca lc iu m  c h lo r id e  as th e  m o le c u la r  w e ig h t  i n c r e a s e s .  As a c o n ­
sequence d lo g  [ n] /  d l o g  M fo r  b oth  p o ly p e p t id e s  d e c r e a s e s  in  s i z e  
as the  ca lc iu m  c h lo r id e  c o n c e n t r a t io n  in c r e a s e s  w ith  p o ly ( L - p r o l i n e )  
b e in g  more s e n s i t i v e  to  d i s r u p t i o n  by ca lc iu m  c h lo r id e  th an  p o ly  (y -  
h y d r o x y - L - p r o l in e ) . P roton  (178) and^$ NMR (180 )  s t u d i e s  a lo n g  w ith  
in f r a - r e d  s t u d i e s  (179) on p o ly ( L - p r o l i n e )  d em on stra te  t h a t  th e  
induced c o l l a p s e  in  th e  polymer d im en sion s  cau sed  by c o n c e n tr a te d  
s o l u t i o n s  o f  p o ta ss iu m  i o d i d e ,  sodium t h io c y a n a t e ,  ca lc iu m  c h l o r i d e ,  
and l i th iu m  bromide a r i s e s  from a s a l t - in d u c e d  i s o m e r i z a t io n  o f
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randomly lo c a te d  p e p t id e  bonds to  th e  c i s  co n fo r m a t io n .  The s i m i l a r i t y  
i n  the e f f e c t s  o f  c a lc iu m  c h lo r id e  on th e  two p o ly p e p t id e s  s u g g e s t s  
th a t  a p o ly  (y -h y d r o x y -L -p r o l in e )  c h a in  sh o u ld  a l s o  e x i s t  w ith  an 
a p p r e c ia b le  number o f  i t s  p e p t id e  bonds i n  th e  c i s  c o n fo rm a tio n .  
However, e x p e r im e n ta l  su pp ort  fo r  th e  p r e se n c e  o f  c i s  p e p t id e  bonds in  
p o ly  (y -h y d r o x y -L -p r o l in e )  i s  l a c k i n g .  The *2 NMR spectrum  o f  p o ly  (y -
h y d r o x y -L -p r o l in e )  i n  6 M l i th iu m  bromide has been r e p o r te d  t o  show
th e  e x i s t e n c e  o f  o n ly  one dominant isom er ( 2 2 4 ) .
I m p l ic a t io n s  fo r  th e  s t a b i l i t y  o f  th e  c o l l a g e n  h e l i x .  As
m entioned  i n  th e  in t r o d u c t io n ,  r e c e n t  work on s y n t h e t i c  s e q u e n t i a l
c o p o ly p e p t id e s  (146 )  and m o d if ie d  c o l la g e n s  (1 4 3 ,  158 , 225) has
shown t h a t  th e  m e l t i n g  tem p era tu re ,  and hence  th e  s t a b i l i t y  o f  the
c o l la g e n  h e l i x ,  in c r e a s e s  upon th e  s u b s t i t u t i o n  o f  y -h y d r o x y -L -
p r o l i n e  fo r  L - p r o l i n e .  A l s o ,  th e  s t e r e o c h e m is t r y  o f  th e  a ttachm ent
y
o f  th e  h y d ro x y l  group to  th e  C atom a l s o  a f f e c t s  th e  s t a b i l i t y  o f  th e  
h e l i x  ( 2 2 6 ) .  Two p e p t id e s  c o n t a in in g  a l l o h y d r o x y - p r o l in e ,  (aHyp- 
P r o - G l y ) ^  and (Pro-aHyp-Gly>^Q, were s y n t h e s i z e d .  E xam ination o f  
th e  p e p t id e s  by o p t i c a l  r o t a t i o n  and c i r c u l a r  d ic h r o ism  showed th a t  
n e i t h e r  o f  th e  p e p t id e s  formed t r i p l e - h e l i c a l  s t r u c t u r e s  i n  aqueous 
s o l u t i o n s .  S in c e  th e  p e p t id e s  had l e s s  ten d en cy  th an  (P r o -H y p -G ly )^  
t o  become h e l i c a l ,  th e  r e s u l t s  d em onstrated  t h a t  th e  t r a n s - y -h y d r o x y l  
group o f  h y d r o x y p r o l in e  makes a s p e c i f i c  c o n t r ib u t io n  to  th e  s t a b i l i t y  
o f  th e  t r i p l e  h e l i x .  A ls o ,  s i n c e  th e  p e p t id e s  had l e s s  ten dency  than  
(P ro-P ro-G ly)^ ^  to  become h e l i c a l ,  th en  th e  c i s -y -h y d r o x y l  group on 
a l lo h y d r o x y p r o l in e  d e c r e a s e s  th e  s t a b i l i t y  o f  th e  t r i p l e  h e l i x .
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One e x p la n a t io n  o f f e r e d  fo r  th e  h y d ro x y p ro lin e  e f f e c t  i s  the  
form ation  o f  an in t r a c h a in  hydrogen bonded b r id g e  from th e  h yd roxy l  
group to  a c a rb o n y l oxygen atom v ia  a w ater  b r id g e  (149 ,  1 5 0 ) .  Or, 
i f  th e  p y r r o l id in e  r in g  in  h y d ro x y p ro lin e  i s  s u f f i c i e n t l y  puckered ,  
then a hydrogen bond betw een  th e  h yd roxy l group and a carb on y l group  
in  the  same c h a in  can be formed (7 9 ,  2 0 7 ) .  I f  s tr o n g  hydrogen bonds 
o f  t h i s  type were p r e s e n t  i n  c o l l a g e n  i n  an aqueous environm ent,  
th ey  should  a l s o  be found i n  aqueous p o ly  (y -h y d r o x y -L -p r o l in e ) .
These hydrogen bonds would then  s e r v e  to  s t i f f e n  th e  p o ly  (y  -h y d r o x y -  
L -p r o l in e )  c h a in  r e l a t i v e  to  p o l y ( L - p r o l i n e ) . As dem onstrated  by the  
co n fo rm a tio n a l en ergy  c a l c u l a t i o n s  ab ove , a s tr o n g  h ydroxyl group and 
carb on yl group i n t e r a c t i o n  can o c c u r ,  su p p o r t in g  p rev io u s  r e s u l t s ,  
provided  th a t  th e  p y r r o l id in e  r in g  a t  th e  C atom i s  puckered g r e a te r  
than 25° and >p i s  near 290° . However, th e  co n fo r m a t io n a l  p r o p e r t ie s  
p r e d ic te d  u s in g  th e s e  c o n fo r m a t io n a l  energy  maps are too  la r g e  to  
account fo r  the  ob served  c o n fo r m a t io n a l  p r o p e r t i e s  o f  p o ly  (y -h ydroxy-  
L - p r o l i n e ) .  A ls o ,  th e  im portance o f  such hydrogen bonds in  aqueous 
s o lu t io n s  must be q u e s t io n e d .  The i n t e r a c t i o n  o f  th e  hydroxyl group 
and carb on yl group w ith  w a ter  m o le c u le s  or io n s  may be a t  l e a s t  as 
s tr o n g  as th e  proposed hydrogen bonds. The o b s e r v a t io n s  o f  v i r t u a l l y  
i d e n t i c a l  c h a r a c t e r i s t i c  r a t i o s  fo r  p o ly  (y -h y d r o x y -L -p r o l in e )  
and p o ly ( L - p r o l in e )  a l s o  argues  a g a in s t  th e  im portance o f  such i n t r a ­
c h a in  hydrogen b o n d s .
An a l t e r n a t i v e  s u g g e s t io n  fo r  th e  h y d ro x y p ro lin e  e f f e c t  on th e  
s t a b i l i t y  o f  th e  c o l l a g e n  h e l i x  has come from c o n fo rm a t io n a l  energy
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c a l c u l a t i o n s  based on f l e x i b l e  p y r r o l id in e  r in g s  fo r  p o ly  (Y -hydroxy-  
L -p r o l in e )  ( 5 6 ) .  The c o n f ig u r a t io n a l  en trop y  per r e s id u e  was found  
to  be s l i g h t l y  lower fo r  p o ly  (y -h y d r o x y -L -p r o l in e )  than  fo r  p o ly -  
(L -p r o l in e )  based on s im i l a r  f l e x i b l e  r in g  maps ( 5 4 ) .  These con ­
f i g u r a t i o n a l  entropy  c a l c u l a t i o n s  are  c o n s i s t e n t  w ith  th e  o b s e r v a t io n  
th a t  th e  p y r r o l id in e  r i n g  o f  p o ly ( L - p r o l in e )  i s  more m obile  than th e  
r in g  o f  p o ly  (Y -h y d ro x y -L -p ro lin e )  ( 2 2 2 ) .  A r e d u c t io n  in  c o n f ig u r a t i o n a l  
en trop y  fo r  th e  s t a t i s t i c a l  c o i l  when y -h y d r o x y -L -p r o l in e  i s  s u b s t i t u t e d  
fo r  L -p r o l in e  would in c r e a s e  the s t a b i l i t y  o f  th e  ordered  s t r u c tu r e s  
formed by th a t  p o ly p e p t id e .
The h y d ro x y p ro lin e  e f f e c t  on the  s t a b i l i t y  o f  the  c o l la g e n  
h e l i x  appears t h e r e f o r e ,  to  be a consequence o f  a l t e r a t i o n s  in  th e  
f l e x i b i l i t y  o f  th e  p y r r o l id in e  r in g  (56) or  p o s s i b l y  has an i n t e r ­
c h a in  o r i g i n  (226) or b o th .
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APPENDIX A 
S t a t i s t i c a l  w e ig h t  M atr ices  U(m +  1) 
4 x 4  M atrix (3 n e ig h b o rs )
i  + 1 h c h hUc
i h h h c
i  -  2 i  -  1 i h hUc c hUc
h h h s a 1 /3 o o
hUc h c o o o 1
c h h a1 /3 a 1 /3 o o
hUc c hUc 0 a 1 '3 a113 1
5 x 5  M atrix (4 n e ig h b o rs )
i  + 1 h c h h hUc
i h h h h c
i  -  1 h hUc h c hUc
i  -  3 i  -  2 i  - 1 i h hUc c hUc hUc
h h h h s a1 /4 o o o
hUc hUc h c o o o o 1
c h h h c 1 /4 a 1 /4 o o o
hUc c h h o a1 /4 c1 /4 o o
hUc hUc c hUc o a 1 /4 o o 1 /4 1
m = 3 
= (0001)
> co l(Q lO l)
m = 4 
J*= (00001)
J = c o l  (01001)
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b x 6 Matrix (5 n e ig h b o rs )
i  + 1 h c h h h hUc
i h h h h h c
U(6) = i - 1 h hUc h h c hUc
i - 2 h hUc h c hUc c
i  -  4 i  -  3 i  -  2 i  -  1 i
— 3 h hUc c hUc c hUc
h h h h h s o1 /5 o 0 o o
hUc hUc hUc h c o o o o o 1
c h h h h o 1 /5 0 1 /5 o o o o
hUc c h h h o a 1 /5 o 1' 5 o o o
c hUc c h h o a 1 /5 o a 1' 5 o o
hUc c hUc c hUc o
1/5a o o 1/o 51
ra = 5
J* = (000001)
J = c o l  (010001)
7 x 7  M atrix  (6 n e igh b ors)
i  + 1 
i
i  - 1
i  - 2
i  - 3
1-4 i - 3 i - 2 i - 1  i 1'-4
h h h h h h
h Uc hUc hUc hUc h c
c h h h h h
hUc c h h li h
c hUc c h h h
hUc c hUc c h h
c hUc c hUc c hUc
h c h h h h hUc
h h h h h h c
h hUc h h h c hUc
h hUc h h c hUc c
h hUc h c hUc c hUc
h hUc c hUc c hUc c_
s oI / 6 o o o o o
o o o o o o 1
1 /6a a1 /6 o o o o o
0
1 /6a 1 /6a o o o o
o 1 /6a o 1 /6a o o o
o a 1 /6 o o 1 /6a o Q
o 1 /6a o o o




J = c o l  (0100001)
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L e a s t -S q u a r e s  F i t t i n g  T echn ique
T h is  procedure  ta k e s  a model f u n c t io n  F and f i t s  i t  to  a s e t  o f  
n p a ir s  o f  v a lu e s  (x ^ ,  y ^ ) , i  = 1 ,  . . . ,  n.
B . l  G enera l F i t t i n g  Method
The l e a s t - s q u a r e s  c r i t e r i o n  s e e k s  to c h o o s e  v a lu e s  P^, . . . ,
P fo r  th e  p aram eters  o f  th e  m odel f u n c t io n  F which m inim ize the  
m
w e ig h te d  sum o f  sq u a res
S = 2 (Fj - Y ) 2 - 2 « 2 B
1=1 1=1
The w e ig h t in g  f a c t o r  i s  in c lu d e d  to  a l lo w  fo r  n o n -e q u a l iv e n t
r e l i a b i l i t y  in  the o b se r v e d  (x ^ ,  y^) , i = l ,  n p a i r s .  The
c o n d i t io n  th a t  S b e  a minimum r e q u ir e s
(3 S /3  P . K p / p  T = 0 B
J i r /  k*j
f or  a l l  ^ j ' s -
G e n e r a lly  th e  m ost u s e f u l  way o f  f in d in g  {P} , th e  s e t  o f  
minimum param eter v a lu e s  s a t i s f y i n g  E quation  B -2 ,  i s  th e  G auss-  
New ton method (12 3 ) .  A g e n e r a l  rev iew  o f  t h i s  procedure  i s  g iv e n  in  
Leach ( 1 2 4 ) .  In t h i s  p roced u re  the m odel f u n c t io n  F i s  expanded as 
a T a y lo r ' s  s e r i e s  and s e c o n d -  and h ig h e r - o r d e r  terms are n e g le c t e d .  
Thus, F i s  w r i t t e n  as
F. = F. °  +  ?  ( 3 F . / 3  P . ) °  A P.  B
i i  j = 1  x j  j
152
Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
153
where F. = F. (P , P ) , F . °  = F . (P.. , . . .  P ) ,i l l  m i l l  m
the s e t  of i n i t i a l  g u e s s e s  o f  th e  param eter v a l u e s ,
( 3  F ± / 3  P j ) 0 = (3  F i / a  P j X ? ! 0 . • • •  Pm° )
and AP. = P -  P . ° .
3 j  3
The m inim ized d e v ia t io n  6^ w i l l  be g iv e n  by
<$i = 6 ± +  Z ( g  F / 3  p  ) °  AP-
3 -1  i  3 3
The c o n d i t io n  th a t  m in im izes  S r e q u ir e s  t h a t
n
(3 S / d  P ) = ? w. 6 .  ( 3 6 , / 9  P. ) = 0k i= 1 i  i  i  lc
f or  k = l , . . . ,m.
S u b s t i t u t i n g  Equation  B-4 and ap proxim ating  ( 36^/ 3  P^) 
by (3 F^/3 P^)0 in t o  Equation B-5 g iv e s
m n
E AP. Z w (3 F . / 3  P . )  (3 F . / 3  P. )
j = l  2 i = l  1 3
= -  Z w.  6 . °  (3 F . / 3  P. ) °
X X  1  K
for  k = l ,  . . . ,  m or
C11 AP1 +  C12 AP2 + + C2m APm d l
C21 AP1 + C 22 AP2 + + C 2m APm = d 2
c , ^P, . C AP„ + . . . + C  AP = dml  1 + m2 2 mm m m
where
cjk = l i Hi  <8 V S V °  <“ Fi / J  V °
{P °}  i s
B-4
B-5
= (3 F../3 P )
B- 6
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and n
d = -  Z W. 6. (3 F . / 3  P. ) B-8k i l l  k
S o lv in g  t h i s  s e t  o f  m s im u lta n eo u s  l i n e a r  e q u a t io n s  y i e l d s  a new s e t
o f  minimum parameter v a lu e s  {P^}, P^ = P? + AP°. These new P^' s  are
J J J
then  used in  th e  above e q u a t io n s  in  p lace  o f  th e  P j ' s > an<* t l̂e c y c l e
i s  r e p e a te d .  T h is  i t e r a t i v e  p r o c e s s  i s  co n t in u ed  u n t i l  th e  computed
parameter ad ju stm en ts  become n e g l i g i b l e  as measured by th e  w e ig h ted
sum o f  squares  S , E quation  B - l .
In some i n s t a n c e s ,  e . g . ,  when the  i n i t i a l  parameter v a lu e s  are
b a d ly  ch o sen ,  th e  s u c c e s s i v e  S ' s  d iv e r g e .  Or th e  convergence  p r o c e ss
i s  so  s low  th a t  e x c e s s iv e  computer t im e i s  r e q u ir e d .  In order to
overcome th e s e  d i f f i c u l t i e s ,  damping and s c a l i n g  f a c t o r s  have been
in tro d u ced  in t o  the com p utating  p roced u re .
Damping was a ch ie v ed  by m u l t ip ly in g  th e  d ia g o n a l  term s, (Ĉ  )
2
in  Equation  B -6 ,  by (1 + D ) .  In th e  program th a t  f o l lo w s  damping
r  + 1 r  r  r + 1
was c a r r ie d  out o n ly  when S > S . Here S and S are th e
sum o f  squares  o f  the  r th  and th e  r  + 1th  r e f in e m e n t ,  r e s p e c t i v e l y .
The v a lu e  o f  D was ch osen  to  be 2V, where v i s  an in t e g e r  and i s  the
r + 1 rv th s u c c e s s iv e  i t e r a t i o n  a f t e r  r + 1  which c a u se s  S < S .
S c a l in g  was a ch iev ed  by m u l t ip ly in g  th e  c a l c u la t e d  parameter  
a d ju stm en ts ,  Pj ' s ’ ^y a c o n s ta n t  f a c t o r  h .  The v a lu e  o f  h = kV
was determ ined by f in d in g  a v a lu e  o f  v such th a t
sr+  V )  <sr + V  - b  B_9
and Sr + l (kv) < s r + V  + b
The v a lu e  o f  k depends on th e  fu n c t io n  to  be f i t ,  but in  g e n e r a l  has
v a lu e s  ran g in g  from 1 .2  t o  2 .
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B .2  E rrors  in  Parameter E st im a tes
When the  sum o f  s q u a r e s ,  S , has been  m in im ized , an unbiased
e s t im a te  o f  the standard d e v ia t i o n  i s  g iv e n  (125) by
1 / 2
a = (S . /  R) B-10av mm n
where R = (n -  m )/n  £ w B-lOb
i = l  1
S . i s  th e  minimum v a lu e  o f  S, and m i s  the number o f  independent  mm
parameters in  th e  f i t t i n g  fu n c t io n  F. Unbiased e s t im a te s  o f  the  
standard  d e v ia t i o n  o f  th e  parameter v a lu e s  may be c a l c u la t e d  from 
the r e l a t i o n
a,  = o /  (c" 1) . . B - l l
J 33
where t *ie j£ll» j t l i  elem ent o f  th e  in v e r s e  o f  th e  c o e f f i c i e n t
m a tr ix ,  ( c . . ) ,  whose e lem en ts  are d e f in e d  by E quation B- 7.* jk
B. 3 Computer Program
The main f i t t i n g  program i s  w r i t t e n  in  su b r o u tin e  form and has
the  name ALSTSQ. The c o e f f i c i e n t s  c  ^ and d^ o f  Equations B-7 and
B-8 are c a l c u la t e d  in  su b r o u tin e  COEF. F u n ction  DELF i s  used to
c a l c u l a t e  th e  (3 F . / 3  P . ) °  ' s  in  COEF. The model fu n c t io n  to  be
i  J
f i t  i s  w r i t t e n  in  fu n c t io n  subprogram form and i s  la b e le d  F. A fter
th e  c o e f f i c i e n t  m a tr ix ,  (Cj k )> has been  s e t  up th e  P  ̂ ' s  o f  Equation
B-6 are c a l c u la t e d  by th e  G a u ss -S e id e l  i t e r a t i v e  method (126) fo r
s o lv in g  s im u ltan eou s  e q u a t io n s  in  su b r o u t in e  SIMEQ. The standard
d e v ia t i o n  g iv e n  by Equation  B-10 i s  c a l c u la t e d  in  fu n c t io n  SIGMA.
And the in v e r s e  o f  th e  c o e f f i c i e n t  m a tr ix ,  ( c . ,  ) ,  i s  c a l c u la t e d  injk
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APPENDIX C
C a lc u la t io n  o f  In tr a c h a in  D is ta n c e s  ( 8 1 ,  201 , 2 0 2 ) .
For the purpose o f  c a l c u l a t i n g  th e  in t r a c h a in  d i s t a n c e s  as
fu n c t io n s  o f  the r o t a t i o n a l  a n g le s  i n  th e  c h a in ,  l e t  a r ig h t-h a n d ed
C a r te s ia n  co o r d in a te  system  be  d e f in e d  f o r  each bond o f  the
chain  s k e l e t o n .  As i l l u s t r a t e d  in  F ig u r e  1 , th e  x - a x i s  i s  i n  th e
d ir e c t io n  o f  a g iv e n  bond and th e  y - a x i s  i s  i n  th e  plane d e f in e d  by
t h i s  bond and th e  p rece d in g  on e .  The p o s i t i v e  d i r e c t i o n  o f  th e
y - a x i s  i s  chosen by r e q u ir in g  i t  t o  make an a c u t e  a n g le  w ith  the
p reced in g  bond. A l l  o f  the  z -a x e s  a re  p e r p e n d ic u la r  to  the
plane o f  th e  diagram w ith  t h e i r  d i r e c t i o n s  a l t e r n a t i n g  up and down
from one c o o r d in a te  system  to  th e  n e x t .  0^ i s  th e  supplem ent to
the f ix e d  bond a n g le  betw een  two c o n s e c u t iv e  b o n d s .  i s  the
r o t a t io n a l  a n g le  about bond i .
Consider a v e c to r  v̂  ̂ + w ith  components +  +
z .  , in  th e  c o o r d in a te  system  o f  bond i  + 1 .  I t s  components  
l + l
in  the c o o r d in a te  sy stem  o f  bond i ,  x .  , , ,  y t  , . ,  and z X. , ,1 "T 1 1 T 1 1 T 1
are g iv e n  by




z .  . , cos d>. l + l  Yi




F igure  1. C a r te s ia n  c o o r d in a te  system  fo r  c o n s e c u t iv e  
bonds o f  a c h a in .  The z - a x e s ,  not shown, are  p e r p e n d ic u la r  to  
the  p la n e ,  w ith  th e  d i r e c t i o n s  a l t e r n a t i n g  up and down from one 
c o o r d in a te  to  th e  n e x t .
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The same r e s u l t  can b e  e x p r e s s e d  in  m atr ix  n o t a t io n  as fo l lo w s :
i  “ Ti  v i  +  i (C-4a)
where i s  the o r th o g o n a l  m a tr ix
Ti  =
cos  0.X
s i n  0  ̂ c o s  <p̂
s i n  0. s i n  d>, i  Yi
s i n  0.
-cos 0. co s  6 . x x
cos  0. s i n  <J). x Tx
0
s i n  <j>
-cos d). Tx
(c4b)
and v ,  . ,  and v .  , ,  a r e  e x p r e sse d  as column v e c t o r s :  i  + 1 i  +  X
i  . . i  i  i  v
v i  +  i  '  co 1  ( x i  +  i  • n  + i> z i  + i }
and
v i  +  i  ’  co1  (x i  + i -  +  I -  z i  +  i> •
In a l i k e  manner, +   ̂ may now b e  transform ed  to th e  c o o r d in a te  
system  o f  bond i  -  1 a s




T. , i s  th e  tr a n s fo r m a t io n  m a tr ix  fo r  bond i  -  1 ,  and i s  g iv e n  in  x - 1
a l i k e  manner by E quation  (C-4b) w ith  r e p la c e  o f  0  ̂ and <p̂  by 0  ̂ _  ̂
and 4̂  _ ^, r e s p e c t i v e l y .
S in c e  i t  i s  th e  d i s t a n c e  betw een  any atom in  th e  polymer ch a in
t h a t  we a re  i n t e r e s t e d  i n ,  we must add th e  bond v e c t o r  v^ to  Equation  
( C - 4 a ) . In t h i s  way, n ot on ly  do we transform  th e  c o o r d in a te  
sy stem  o f  bond i  + 1 to  th a t  o f  bond i ,  b u t  we a l s o  tran sform  th e  
o r i g i n  o f  to the o r i g i n  o f  v^ . Thus, th e  tr a n s fo r m a t io n s  o f
E q u ation s  C-4a and C-5 become
- i
Vi  +  1 T. v. n + v. x i +  1 x (C-6)
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The d i s t a n c e ,  r \   ̂ i  + 1* from atom i  -  1 and i  + 1 ,  f o r  exam ple,
may now b e  c a l c u l a t e d  by
2 , i  1\ T i  1 /«  n\
r - 1 • A. 1  =  ( V  ,* J .  l '  V  •» - U  1  ( C - 8 )i - l ,  x + 1 1 + 1  1 + 1
— i  — I t — i — 1where (v  . . , )  i s  a row v e c t o r  and i s  th e  t r a n s p o s e  o f  v  . .i + l  l + l
The t r a n s fo r m a t io n  m a tr ix  T^ may b e  fo rm u la ted  in  more g e n e r a l  
terms by e x e c u t io n  o f  two r o t a t i o n s :  (a )  a r o t a t i o n  ° f  ^   ̂ + ^
z .  , , about th e  z .  , , a x i s  through th e  a n g le  t  th a t  makes x .  , ..i  +  l  i + l  i + l
c o i n c id e n t  w ith  (o r  p a r a l l e l  to )  x ^ ,  and (b) a n o th e r  r o t a t i o n  o f
x . . , y . , ,  z . . , through  an a n g le  p about th e  a x i s  x .  th a t  makes i + l i + l i + 1  i
th e  two c o o r d in a te  s y s te m s  p a r a l l e l .  The a n g le s  t and p a re  measured
in  a r ig h t -h a n d e d  s e n s e .  can now b e  r e w r i t t e n  in  terms o f  t  and
p as g iv e n  by
R. =l
C O S  T
- s i n  t . c o s  p . 1 1
s m  t . s m  p .l  l
s i n  t  .l
C O S  T . C O S  p .1 1
- c o s  x . s i n  p . 1 1
0
s i n  p
cos p^
(C-9)
U sin g  t h i s  method o f  v e c t o r  t r a n s f o r m a t io n s ,  th e  d i s t a n c e  o f  
any p a ir  o f  atoms in  th e  p o ly  ( y - h y d r o x y - L - p r o l in e )  c h a in  can be  
c a l c u l a t e d .
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APPENDIX D
G lo ssa ry  o f  P r in c ip a l  Symbols and Conventions
1. M athem atica l C onventions
< > The s t a t i s t i c a l  m ech an ica l average o f  th e  q u a n t i ty
e n c lo s e d ,  taken  over  a l l  c o n f ig u r a t io n s  o f  the  c h a in .
< > The co rr esp o n d in g  average fo r  th e  c h a in  unperturbed
o by i n t e r a c t i o n s  o f  long  ra n g e ,  or  by e x t e r n a l  c o n s t r a in t s ,
The a b s o lu te  v a lu e  o f  the  q u a n ity  e n c lo s e d .
2 .  E n g l i s h  L e t t e r  Symbols
o  - 8
A Angstrom u n i t ,  10 cm
A^jA^ Second and th ir d  v i r i a l  c o e f f i c i e n t s
A. . ,  B . . C h a r a c t e r i s t i c  c o n s ta n ts  o f  the  nonbonded in t e r -
i j  i j a c t i o n s ,  Table 6 ,  p . 77
c ,  c C o n cen tra t io n  (w e igh t/vo lu m e) or c o i l e d  s t a t e  in  a
°  p o ly p e p t id e ,  p .  17J i n i t i a l  c o n c e n t r a t io n .
d D is ta n c e  (A) t r a v e r s e d  down a h e l i c a l  a x i s  per amino 
ac id  r e s id u e .
D, D D i e l e c t r i c  c o n s ta n t ;  d i f f u s i o n  c o e f f i c i e n t ,  Eq. 80 ,
°  p . 125.
E,E(4>. » Energy (per m o le ) ,  energy a s s o c ia t e d  w ith  th e  con-
 ̂ v g 1 f i g u r a t i o n  (<}>., ij/ )̂ j t o t a l  co n fo rm a tio n a l  p o t e n t i a l
i  T, en erg y , Eq. 6 l , p . 1 76;  nonbonded p o t e n t i a l  en erg y ,
Eq. 62 , p . 76; e l e c t r o s t a t i c  p o t e n t i a l  en erg y , Eq. 6 3 ,  
nb* e l*  p. 76; t o r s i o n a l  p o t e n t i a l  energy  fo r  r o t a t i o n  about
Eq. 64 , p. 78; p o t e n t i a l  energy  f o r  hydrogen bonding  
^®* HB i n t e r a c t i o n s ,  Eq. 65 , p . 78.
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J fi? .
f  , f  Average f r a c t i o n  o f  A u n i t s  in  a copolymer o f  A and
°  B u n i t s ,  Eq. 3 1 ,  p. 26; f r i c t i o n a l  c o e f f i c i e n t ,  Eq. 75,
p .  1 1 8 .
F T h e o r e t i c a l  f r a c t i o n  o f  A u n i t s  in  a copolymer o f  A
^ and B u n i t s ,  p . 28 .
G{ h , c }  Free energy (per m ole) a s s o c ia t e d  w ith  the  c o n f ig u r a t io n
Ag ( h , c )  ; f r e e  energy change per r e s id u e  in  go in g  from a
r e s  c o i l  to  h e l i c a l  s t a t e .
h H e l i c a l  s t a t e  in  a p o ly p e p t id e ,  p . 17.
AH R esidue e n th a lp y  change (per m ole) in  go in g  from a
r e s  c o i l  to  h e l i c a l  s t a t e .
*
J , J Column v e c to r  c o l  ( 0 1 0 . . . 0 1 )  o f  ord er  m + 1; row 
v e c to r  ( 0 0 . . . 0 1 )  o f  order m + 1.
1 V ir tu a l  bond l e n g t h ,  the  d is t a n c e  from s u c c e s s iv e  
P carbon a tom s.
L(N) Average number o f  amino a c id  r e s id u e s  per unbroken  
h e l i c a l  s e c t i o n ,  Eq. 13, p. 19.
m, m  ̂ Number o f  n ea r-n e ig h b o r  r e s id u e s  to  r e s id u e  i  co n s id ered  
in  m atr ix  ( m + 1 ) ,  p.  33; LAPS h ie r a r c h y  approxim ation ,  
p . 30 .
M, M , M olecu lar w e ig h t  ( g / m o l ) ; number-average m o lecu lar
M w e ig h t;  w e ig h t -a v e r a g e  m olecu lar  w e ig h t;  z -a v er a g e
w’ z m o lecu lar  w e ig h t .
n, n Number o f  r e s id u e s  per turn  in  a h e l i x ,  p . 4 ;  number
 ̂ o f  r e s id u e  in  the  polymer c h a in .
N, N Number o f  r e s id u e s  in  the  polymer ch a in ;  Avogadro's  
number.
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p P i t c h  o f  a h e l i x  (n x d)
P a r t i a l  charge on atom i ,  p . 76
Q(N) P a r t i t i o n  f u n c t io n  fo r  a ch a in  m o lecu le  o f  le n g th  N, 
Eqs. 1 , 2 ,  p. 10, 11.
r ,  r, , D isp lacem ent (cm) from the c e n te r  o f  r o t a t io n  in
u l t r a c e n t r i f u g a t i o n ;  d isp la cem en t  to  S c h l ie r e n  boundary 
r B’ r T d isp la cem e n t  to  bottom o f  c e n t r i f u g e  c e l l ;  d isp lacem ent
r . to  top  o f  c e n t r i f u g e  c e l l ;  in te r a to m ic  d is ta n c e  (&)
from atom i  to  atom j .
r ,  R D efined  by Eq. 43; Eq. 4 4 ,  p. 4 1 ,  or gas c o n s ta n t .
2
< r > , Mean-square unperturbed en d -to -en d  d i s t a n c e ,  ch a ra cter -
< ^2 ° j  i s t i c  r a t i o ,  p. 12.
r  1 ° 2 n 
P P
s ,  s Zimm-Bragg h e l i x - c o i l  t r a n s i t i o n  param eter, p . 14,
°  or s e d im e n ta t io n  c o e f f i c i e n t ,  Eq. 59b; se d im en ta t io n
c o e f f i c i e n t  a t  i n f i n i t e  d i l u t i o n ,  Eq. 59a ,  p. 73.
s ", F i t t e d  h e l i x - c o i l  t r a n s i t i o n  param eter, p . 38; 
asym p to tic  l i m i t  in  s p. 4 0 .
S min
S, C o n f ig u r a t io n a l  en trop y  per r e s id u e ,  Eq. 69a, p. 81;
 ̂ r e s id u e  en trop y  change in  go in g  from a c o i l e d  to  a
r e s  h e l i c a l  s t a t e ,  p . 51 .
t ,  t Q, Time ( s e c ) ;  f lo w  time o f  s o lv e n t ;  f lo w  time o f  s o lu t io n  
t s
T, < T. > A b so lu te  tem perature (°K);  averaged tra n sfo rm a tio n
1 m atrix  fo r  tran sform in g  th e  c o o r d in a te  system  o f  bond 
i  + 1 ( v i r t u a l  bond i  + 1) to  th a t  o f  bond i  ( or 
v i r t u a l  bond i ) , Eq. 66a , p. 78.
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u L if s o n -R o ig  h e l i x - c o i l  t r a n s i t i o n  parameter fo r  
c o i l e d  s t a t e ,  p . 18.
U M atrix  o f  s t a t i s t i c a l  w e ig h ts ;  expanded s t a t i s t i c a l
. . w e igh t  m a tr ix  o f  ord er  m + 1; m o d if ie d  expanded s t a t i s t i c a l
^ w eigh t  m atr ix  o f  m o d i f i c a t io n  i .
U (m+1) .•\> Mod i
v L if s o n -R o ig  h e l i x - c o i l  t r a n s i t i o n  parameter fo r
r e s id u e  i  in  th e  h e l i c a l  s t a t e  and r e s id u e  i  -  1 in  
the  c o i l e d  s t a t e ,  p . 18.
V(N) Average number o f  unbroken h e l i c a l  s e c t i o n s ,  Eq. 12,  
p. 19.
w L if s o n -R o ig  h e l i x - c o i l  t r a n s i t i o n  parameter fo r  r e s id u e  
i  in  th e  h e l i c a l  s t a t e  and r e s id u e  i  -  1 in  th e  
h e l i c a l  s t a t e ,  p. 18.
25
3 .  Greek L e t te r  Symbols
Expansion c o e f f i c i e n t ;  r a t i o  o f  th e  a p r i o r i  
p r o b a b i l i t i e s  o f  o ccu rren ce  o f  A and B u n i t s  in  a 
random copolymer o f  A and B u n i t s ,  Eq. 29 , p . 25 .
T «1 S p e c i f i c  r o t a t i o n  a t  th e  sodium D l i n e  a t  25 C
D
8 D efined  by Eq. 79 , p . 122.
Y P y r r o l id in e  r in g  pu ck erin g  a n g le ,  p. 74 .
£, ri» Angle between the  C^-N bond and th e  v i r t u a l  bond;
a n g le  betw een th e  C ^-c“ bond and th e  v i r t u a l  bond; 
0“ a n g le  N-C°c-C^ , s e e  F ig .  12, p . 8 0 .
^o’ ^sp S o lv e n t  v i s c o s i t y ;  s p e c i f i c  v i s c o s i t y ,  Eq. 60b, p . 74;
reduced v i s c o s i t y ;  i n t r i n s i c  v i s c o s i t y ,  Eq. 60a ,  p. 74; 
n__ / c ,  i n t r i n s i c  v i s c o s i t y  in  a t h e t a  s o l v e n t .
b p
[n] o














Average f r a c t i o n  h e l i c a l  c o n t e n t ,  Eq. 11, p . 19.
E ig e n v a lu e s  o f  th e  s t a t i s t i c a l  w e ig h t  m a tr ix  U; 
e ig e n v a lu e s  o f  th e  m a tr ix  (m + 1) .
C o e f f i c i e n t  o f  v a r i a t i o n ,  Eq. 4 9 ,  p . 50; p a r t i a l  
s p e c i f i c  volume (c m ^ /g ) .
F ree energy  o f  a g iv e n  r e s id u e  i  when the polymer i s  
in  a s p e c i f i c  co n fo rm a tio n .
Osmotic p r e s s u r e ,  Eq. 5 5 ,  p .  71.
S o lv e n t  d e n s i t y  (g /cm ^ ).
Zimm-Bragg h e l i x - c o i l  t r a n s i t i o n  param eter fo r  i n i t i a t i o n  
o f  a h e l i c a l  seq u en ce ,  f i t t e d  a , p . 38; a sy m p to t ic  
l i m i t  in  o ' ,  p . 4 0 ;  maximum v a lu e  a t t a in e d  a t  la r g e  
s '  , p .  4 0 .
R o t a t io n a l  a n g le  about N— C*, F ig .  1 , p. 3 ,  or  
u n i v e r s a l  c o n s ta n t  in  v i s c o s i t y  th e o r y ,  p . 12.
R o t a t io n a l  a n g le s  in  th e  p y r r o l id in e  r in g  o f  hydroxy-  
p r o l in e  or p r o l i n e .
R o t a t io n a l  a n g le  about th e  h yd roxy l group in  hydroxy-  
p r o l i n e .
CC ^
R o t a t io n a l  a n g le  about C — C , F ig .  1 , p . 3.
R o t a t io n a l  a n g le  about th e  p e p t id e  bond, F ig .  1 , p . 3 ,  
or an gu lar  v e l o c i t y  ( r a d / s e c ) .
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4. Abbreviations
aHyp A l l -Y -h y d r o x y -L -p r o l in e
A la  L -A lan in e
Glu. L-G lutam ic Acid
Gly G ly c in e
Hyp Y -H ydroxy-L -P ro line
Leu L -L eucine
PHBG P o ly  [N  ̂ -  (4 ^ -h y d r o x y b u ty l ) -L -g lu ta m in e ]
Pne L -P h e n y la la n in e
PHPG P o ly  [N"* - (3 ' -h y d r o x y p r o p y l) -L -g lu ta m in e ]
Pro L -P r o l in e
S er  L -S e r in e
Val L -V a lin e
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APPENDIX E
L east  Squares F i t t i n g  Program
s u H K u u r i N f c  a l s i s g i l . F )  
i m p l i c i t  Kf.  AL *f l (  a - m . o - z .  1  )
D I M l . N i  I UN R A r < i 5 > , W l A 5 ) . Y C ( A 5 > . C ( 6 , 6 > , D ( 6 ) , T T ( 6 . 6 ) . S I G ( 2 ) , X 0 ( 6 > »  
1 l>X ( I. T .  AX { 6  ) .  AS I G( 3 )
O ( M i . N G  I 1 I N  S I
c o m m o n  /  r  i .m p  i  / x n .  o x ,  M2 , n
CUMl ' Df ;  /  T t M l ’ i / Y I I  , R A  .  W 
COMMON / T L M P 3 / C . D  
COMMON /  I E V P a / S C  ALE
t < r n » N A L  fc vi: =  e x p e r i m c n t a l  v a l u e s  ( 20 m a x ) ,  f i n a l  ye ( 1 ) = s t a n d a r o  d e v i a t i o n .
C Yi ; (  a  ) = C U H R E L A  r  i u n  c o e f f i c i e n t  B E T WE E N  xo a n d  y o
C W = W E I G H T S
C M2 = NUMBER U F  E X P E R I M E N T A L  P O I N T S
C XCJ . YO = I N I T I A L  G U E S S  OF X . Y  ( P A R A M E T E R S  TO BE F I T T E D ) .  A L S O  F I N A L
C F i r i F . D  P A R A M E T E R S
C DL L  X . B E L  Y = I N I T I A L  S L O P E  A D J U S T M E N T  P A R A M E T E R S .  A L S O  F I N A L
C S I G N I F I C A N C E  OF F I T T E O  p a r a m e t e r s
C N -  D E G R E E  O F  p o l y m e r i z a t i o n
C N O T E D  Xu ,  V U . D E L X  . u E L Y  MUS T  B E  V A R I A B L E S  I N  MA I N
C L j  I F  L = a .  NO P R I N T .  L = l .  P P I N T  ONL Y F I T T E D  P A R A M E T E R S
C L = 2 .  P R I N T  A L L  -  E X P E R I M E N T A L  AND R E S T
C
C H U H . D I N G  C O E F F I C I E N T  M A T R I X  C AND C O N S T A N T  V E C T O R  D
LO--  1 
L :> -  1 
J - 1
D A M P - I .
DO 3  1 = 1 . 6
6  S I f .  1 (  I )  =  O . C D O  j  
GO T o  1 2 0  
1 1 0  CUN I I N U c  
L ’ = I
J  = 2
1 2 0  C O N T I N U E  
J  1= I
J ? ~  1
H = I . 0 ( 0 0
CAI  L C l i c F  ( L A M P . F  )
C s o l v i n g  t o r  n : m  x  a n d  y
C A L L  M M K 0 (  C .  D . N . T T  >
D1I 1C I = 1 ,  N 
K = I *1
A < (  I > = * U (  I )
Xl l (  l )  = AX(  I ) + T  T ( X  .  I ) * H
1 0  Cl I Nl  I N U l
AG I G< J I  ) = S 1 G M A ( X O , M 2 , O . F  )
I I  ( G L A L E . L E .  1 . O D C O ) G U  TO 1 4
1 1  Cl  J <11 N U L  
I F I I C . C A L H  
J l - J l l l
H I  1 2  1 = 1 . N
* I * I
XG(  I ) = AX ( I ) * T T ( K , I  ) * H
1 2  CUN I  IWUl i
AS  I G ( J 1 ) = S I G M A ( X u . M 2 . 0 . F )
I F ( J 1  -  L I  .  J  ) GU Tt)  11  
I F  ( AG I G (  2  ) . G T  . A S  I G (  1 ) ) GO TO 1 3  
I F ( A S  I G ( 2 )  . L E  . A S  I G ( J )  ) G 0  TO 1 5  
A S I G I  1 ) - A 5  I G (  3 )
1 6 7














6 0 0  1
4  0 
6 0 0 0
I F < J 2 . G T , 9 9 > G O  T O 1 4  
J Z - J 2 * 1 
J  1=  1
g o  r o  i t
CON T I NUl i
H = H / <  S C A L E * S C A L E  )
OO 1H 1 = 1 . N 
K = l  ♦ !
XU(  I )■= AX ( I ) + T T ( l (  i  1 ) * H  
C O M T I N U L  
CON r  1 NUi :
5 I G (  J ) = A S I G ( J  1 )
OO TO 17
C o n  r i n o e
H - M / 6 C A L c
0 0  1 ' .  1 = 1 .  N 
K= 1 H
XU< I > -AX ( I l + T T ( K .  1 ) * H
c o n  r  i \ u ; :.
S I G ( J ) = A S I G ( 2  )
C O N T I N U E
I F  ( J  • ~ U • 1 ) GO TO 1 1 0  
!-:n i >UI « = ( S  I 0 (  1 ) - S I G C  2 )  ) / S I G (  1 )
E > . MI R=GAt J S{ f ; HROR )
Ti l Ll  RANGE = 1 * 1C * 4 - 0 6
i r <  t  Pl.-Ol’ . L E  .  1 . 0 0 - 0 7 J G O  TO 1 4 0
1 F t  r. I G< 2  ) . L T . S I G 1  I I ) GO TO 1 3 0  
LG = 1
' » A r < P = O A M P * 2 . 0
1 F<1  C . G T  » 2 0 ) GO TO 6 0 0
L O - L O ♦1
GO TO 1 2 0
C U N T I N U E
I F C L S . G T  . 9 9 )  ) GO TO 1 4 0  
I
S I G l  I ) = S I G <  2 )
S I G 11 CO > = S 1 G (  1 )
L 6 - I . 1 . 1  1
I F { L G . C T . 6 ) L 6 = 1
D A M P - 1 .
GO I ( j  1 1 0  
C O N T I n UL
T ‘f l l l  ( g » 6 0 1 9 ) L < 5 »  S C A L E
F ' l  I M A T ( 1 MO. 1  o x . * N J M U F R  O F  I T E R A T I O N S  =  * . 1 5 . 0 X . * .  S C A L E  =  * . F 1 9 . 4 )  
* Ml  I E ( 6 . r O ! l ) l S I G t (  I ) .  1 = 1 . 6 )
I UOMATI  1 H 3 . S X . * 5  IGMA = • , 6 ( O 1 5 . 8 . 2 X . •  .  • ) )
G T I GMAl  X O . M 2 . N . F  )
I) AM»'= 1 . U P O O  
CALI .  C l l F E ( D A M P . F )
C A L L  FAT 1NV1 C . 1 ) .  N .  0  )
0 0  2 "  I = 1 . N
D x (  I ) = S T A - 1 0 * 1 U S O R T ( C (  I . I  > ) )
CU J T I N U L  
L l = L * l
GO TO I I S O . 1 6 0 , I 7 0 ) . L I  
CON 1 I NUL
H i l l  T F (  6 ,  6 0  0 1 ) ST AND
F U tt'Af < 1 HC .  1 O X .  • ST ANDARO D E V I A T I O N  =  * . D 1 S . 8 . / )
DO 4 I = l . N
W <1 TI: ( 6 .  6 C C 6 )  I .  X U(  1 ) . P X (  I )
r i K X A l l l H  , 1 C X . • X ( • , I l , • )  = • , O I S . 8 . «  + / “  * . 0 1 6 . 8 )
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HI M F t ( f ■ n O C f t )
6 3 0 4  Fi . IM’-'A T t 1 Hi: .  1 O X .  • I N V E R S E  C O E F F I C I E N T  MATf< I X C ’ . / J
DU I .  1 - 1 . . M  
JO I . K ) . K  = 1 . N >
6 0 0 5  h V I H A P l I H  • 1 0 X ,  6 ( 1 ) 1 5 .  13. S X )  )
o i l  r u  i s o
i ctHi
HI M f L (  ( „ 6 u C Z )
6 0  0 2  F U H F A  r  ( 1 H C ,  1 OX.  • R • .  7 X .  • WE I G H T  • , S X .  • E X P E R  I  ME NT AL  • ,  5  X *
I • C A l . C U L A l E O ’ )
Ol) 2C .* K=1.M2 
R l » = K A ( K  )
YC = I ( XI I .  R P  )
2 0 0  W M T b l 6 . 6 0  0 3 ) « P . W ( K ) . YE< K ) . Y C  
6 3  0 J F i n M A T d H  .  7  X .  F  0 .  4  .  5 X * F  6 .  A .  5 X • F  1 C •  6 .  5 X  . F  1 2  .  8  )
GO I U  1 6  3 
1 5 0  C O N T I N U E  
P E T  URN 
5 0 3  C O N T I N U E
H ; M T E < 6 . 6 0 Q 0 > S I G t l ) , S I G ( 2 >
6 0 0 0  F J ' ) H A T ( 1 H  . 1 0 X . ‘ D I V E R G E N T  -  S I G ( l )  =  " * E 1 3 « 6 t *  •  S I G ( 2 1  =  • • E 1 3 . 6 )
R E T U R N  
END
O. I ULL C P R E C I S I O N  F U N C T I O N  F ( X . R )
I M P L I C I T  R E A L * f l (  A - H . O - Z . - S )
OI MI  N 5 I O N  A L 1 ( 2 ) , A L 2 (  2 ) . P F ( 2 ) . P P ( 2 ) . P G ( 2 )  
D I M E N S I O N  X ( 6 )
S I G - X t 1 )
S  = XI  2 )
N=R 
a m  = m
5 1 6 - U A b S I 5 1 0 )
I T ! S l G . G c . 1 . 0 ) S I 6 = 0 . 0 0  
S - l ) r t l f S <  S I
AOT = ( 1 . - G  > * (  1 . - 5 ) + 4 . * S I G * S  
Ol  T =UGURT ( Al )T )
A L A M O ! = ( S * 1 ,  + DET > / 2 .
A L A I ' U 2  = ( S  + 1 . - 0 E T  ) / 2 .
A 1 - A N ♦ CL OG I 0 ( ALAMO 1 )
L = A I
HI  = I A I - L  )
Al.  1 ( 1 > -  1 0 .  * * ( 0  I >
AL t ( 2 ) - L
A 1 -  AN I OL  O G 10 I A L A M D 2 )
L ~  A I
M l = ( A I - L )
A L 2 I  1 ) -  1 0  .  ♦ * {  £J1 )
A L 2 ( 2 ) = L
A l  = < AL AMO 1 * 1 .  >
A 2 - { 1 . - A L A M 0 2  >
P H  1 ) = A2  * ALAMO 1 4 AL 1 ( 1 )
P F  ( 2  I — Al  1 ( 2 )
CAI . L  X P O I C F I  1 ) , P F ( 2 )  )
P i M 1 I - A 1 4 A L A M D 2 4  AL 2 (  X >
P t ' I  ?  ) = A L 2 (  2  )
C A L L  X P U O ' P l  1 I . P P I  2 >  )
C A L L  C A U U ( P F . P P )
D 0 E T = 4 . * 5 I G - 2 . t 2 . * S  
U O E - O U E T / I ? . * O E T  >
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DAL AM I =< I . + N O F > / 2 .
(J AI . . A«. ' =(  l . - . ' U ) L > / 2 .
OL I t ;L ' Hi  • 1 /  ( 2 .  A DL f * D E  T >
1j I - ( A ' l ' l  .  i “ Ai* * n M _ A M  1 - D A L A M 2 < < A L A M D  1 
p r >(  |  ) = AI .  1 ( I ) •* ti I 
P i  -1 V ) -  Al .  1 ( 1 )
CAI . L X P U < P t ' (  I ) . P P (  2 )  )
tl I - l . ' AL AM 1 * A L A MD ?  + ( AN + 1 .  ) * A 1 * 0  ALA M2 
PC. t  I ) = A l . 2 (  I ) * f i l  
!><•( ?  ) = AL 2 ( 2 )
C A L L  x r a l l ' C I  1 l . P G C  2 )  >
C A L L  I- ADD ( f’ l ’ ,  f’G )
O N - S / A N
P G (  I I = ( 5 N * P P (  1 ) ) / P K (  I )
Pf . < 2 ) = P P <  2  > - P F <  ?  )
A V - l ‘ 0 (  I ) * (  1 0 .  * * <  PGC 2 >  ) ) 
A V = A V - 5 N * D L 1 D L 2
f=av
Kl . r  UHN 
liUU
S i j n . J U l i  I I NF.  X P G ( A 1 . A 2 )
I M i M . I C I T  H F A L + 8 I  A - H . l l - Z .  S )  
i r e  DAI 1 5 1  A l  I . L T . I  . U - 3 R )  A 1 = 0 . 0 0 0  
[>= 1 .
I F <  A I ) 1 0 .  3 0 .  H-j  
1 J  A l = - A l  
I ) - -  1 .
. 10 A T - L L L C l  0 <  A 1 > 
i i.“  x P — a r
( » r  A r - N L X P  
Al-|,*( 10.**( O > )
A 2  = UI. X P * A 2  
•O') I u  -so 
J .  C O  J l  1NUF.
\  I =  r, .  
a <? = ■:.
5 0  N t . l U l t N  
Full
OU L ' l l O l  I N L  E A D D  ( A . B )  
I M P L I C I T  P E A L * a < A - H . O - Z . I )  
l i l M L N l i  I I J N A ( 2 ) , D < 2 )
C A -- A ♦ U
C J - A < 2  ) - H (  2 )
C 5  1 - C 5
i r <  f  s . i ' . i  •  g o  •  > c s i  - 6 0 .  
l l - C C S - L T . - i O .  ) C S  1 - - 6 0 .
I I  < Cf .  M G  .  3 0 ,  2 0  
1 0  C O N T I N U E
A ( I |  = l!< I ) + A (  1 ) * (  1 0 . * * ( C * > 1 > )
A(2 1=0(2)
C O  I U  AO 
2 J  C l M T  I N U L
A (  1 » - A (  1 > -*■ IdC I ) * (  1 0  . * * (  - C G  1 ) 1  
C O  ( I I  AO 
C O N T I N U E  
A( I J = A( 1 )+6< 1 )
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4 0  c o n t i n u e
R E T U R N
E N D
D U U I I L E  P R E C I S I O N  F U N C T I O N  F I I X . R )  
I MP 1 .  I C I T  R E A L  * 8  ( A - H . U - Z . S )  
D I M E N S I O N  X ( 6  I 
F  I =  X ( 1 ) * R F X <  2 )
R E T U R N
END
D O U B L E  P R E C I S I O N  F U N C T I O N  F 2 1 X . P )  
I MPl .  I C I T  R E A L  * 8  I A - H . O - Z . S )  
D I M I N S I U N  X ( 6 )  
F 2 = X < l ) * R * R F X ( 2 ) * R + X { 3 >
R E T U R N
e n d
D U U i I L F  P R E C I S I O N  F U N C T I O N  F 3 I X . R )  
I M P L I C I T  R E A L  * 8  ( A - H . O - Z . S )  
D I M E N S I O N  X I 6 )
A L P H A —vi . S A X I  1 ) A R A R + X I 2 )
F J - X I  J I + D E X P I  A L P H A >
R E T U R N
END
DOU H L E  P R E C I S I O N  F U N C T I O N  D E L F  ( X O . A X . R » N « F ) 
I M P L I C I T  R E A L A B I A - H . O - Z . i >
C XO =  I N I T I A L  V A L U E S  F O R  X
C AX =  S C A L t t l  V A R I A N C E  I N X
C N =  NUMBER O F  P A R A M E T E R S  TO B E  F I T T E D
O I ME NS I UN XOI  6 I .  AX I f j i  .  X I I 6 ) .  X 2 (  6)
D I M F N S I O N  AMI 2 )
DO S  K - I . N  
X I I K I - X O I K  >
X 2 I  K. I — <U < K )
S  C O N T I N U E  
T O l = 1 . D - J /
J  = l
DU 2 0  K = 1 . N  
1 - 1
D X - D A l l S I  AX { K > )
I F (  liX . L I  .  1 . 0 - 3 0 ) 0 0  TO 1 0  
(PI  I I I  I 1 0 
1 2 0  C O N T I N U E
1=2
1 1 0  C O N T I N U E
I F ! O X . G T . 0 . 9 ) DX= 0 . 9  
D t i  x = t ; x * x u I K  )
X I I K ) =  < 1 . F O X )
X 2 I X ) = : 1 . - D X )
K I I K )  =  XI  I K ) 4 X 0 1 K )
X ? I  X. ) = X2 «  X ) » X 0 (  K >
OF = I- I X 1 .  R t - F  I X 2 .  R )
OX V = 2  .  Al ' KLX 
a m i  i > - L i  / r ; x v  
O X = L X / 2 . 0
I F  I I . E l l .  1 I C O  TO 1 2 0  
E R R I i R  = D A R S  ( AM I I I - A M I  2 )  )
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I F ( f c R H O K . L T . T O L > GO TO 1 3 0  
I F < J . G T . 2 0 >GO TO 1 J »
J = J  + 1
AMC 1 1 = A M ( 2  >
GO r u  1 2 0  
1 0  C O N T I N U E  
2 0  C O N T I N U E  
1 3 0  C O N T I N U E
t ) HLI  =AM{ 2  )
H E  T U R N  
CNI >
S U H H O U T I N E  C O E F I D A . F l  
I M P L I C I T  H E A L * 0 ( A - H . O - Z . S I
O I M E N S I U N  Y E < 4 5 } . R < 4 S } . W ( 4 5 > . C ( 6 . 6 > * D ( 6 l ; X 0 < 6 } . D X < 6 1
D I M E N S I O N  S U M ( 6 . 6 ) . S U M D ( 6 1 « D F D X ( 6 l . A X ( 6 1
COMMON / T E M P I / X O . D X . M 2 . N
COMMON / T E M P 2 / Y E  .  H .  W
COMMON / T E M P 3 / C . D
E X T E R N A L  F
F O R = ( 1 . C D G C + 0 A 4 D A )
I F ( O A . L E . 1 . 0 D 0 0 ) F 0 H = 1 . 0 0  0 0  
DO 4 5  1 = 1 . 6
DO S O J = 1» 6  
S U M ! I . J ) = C . 0 0 0 0  
5 0  C O N T I N U E
A X ( I 1 = 0 . 0 0 0 0  
SUMDC I ) = 0 . C D O O  
OF I J XI  I 1 = 0 .  C. D' J J  
4 5  C O N T I N U E
l l l l  1 0 0  1 = 1 .  M2 
H P = H <  ( )
DO I n '  K = 1 , N  
AX ( K 1 = DX ( K )
D F O X I K 1= D E L  F ( X O . A X . R P . N . F )
A X ( K  1 =  0 . 0 0 0 0  
6 0  C O N T I N U E
O L L U = E { X O . R P ) —V E ( I 1 
OO GO K = ! . N  
OO / f ,  L = K , N
S U M I K , L ) - S U M ( K i L ) + W ( I ) ♦ D F D X I K } * D F O X ( L 1 
7 0  C U N T I N U L
S U M O I K  l = S U M D ( K ) f K (  I l * D E L O * O F D X ( K )  
n o  C O N T I N U E  
1 0 0  C O N T I N U E
OO 1 3 0  K = 1 . N
OO 1 2 0  L = K . N
C I K . L 1 = S U M ( K . L 1
I F I L . E O . K  > C ( L , L 1 = C ( L . L 1 * F D R
C ( L . K ) = C ( K . L )
1 2 0  C O N T I N U E
D ( K I =  —S U M O I X 1 
1 3 }  C O N T I N U E  
WET U R N  
E NO
DOUULl i  P R E C I S I O N  F U N C T I O N  S I G M A  ( X O . M 2 . M . F 1  
I M P L I C I T  R E A L * B < A - H . O - Z . t >
O I M E N S  I ON Y £ (  4 5 1 . R A ( 4 5 ) . W ( 4 5 1 . X O ( 6 1
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COMMON / T E M P 2 / Y E i R A i k
* i U H S = u ,
bU'-IW-O .
t>.) I O f  1 = 1 .  M2
R P = K A (  I »
Dt . L O =  l ( X O . U P  > - Y t ' (  I ) 
SUMW=. 3UMY+W(  1 )
S U MS  =  S UMS  + D E L a * r . ) E L U * W (  I ) 
1 0 0  Cl l  l l  I NUI:
A H = V ^ - M  
AM = M2 
H = A H / A M
V * R = S U M 3 /  ( SUMW* R )
S I C . M A = 0 5 Q R T (  VAR )
R E T U R N
END
S U B R O U T I N E  ME<J(  A . e . N V . N E  ) 
I M P L I C I T  R E A L * 8 ( A - H . Q - 2 . S ) 
D I M E N S I O N  A ( 6 . 6 ) , 8 ( 6. 6)
C f l - A
DO 3 0  0 J = 1 . N E  
DU I C O  1 = 1 . NV 
f l (  I .  J  > = A (  I ,  J  )
1 0 0  C O N T I N U E  
2 0 0  c o n t i n u e
R E T U R N
E n I>
S U B R O U T I N E  MULT I  A . N V A , N N A . B . N N B . N E B . C )
I M P L I C I T  N E A L * 8 ( A - H . O - Z . S )
O I  MENS I ON A ( 6 . 6 ) . U ( 6 . 6 J . C I 6 . 6 )
C C = A * U
i r i N N A . o r . N N B > o n  t o  4 0 0  
i>u j c n  i = i ,  n v  a 
OO  2 0 .0  J s l . N E a  
CU' J f !  = 0  .
D u  i r ;  K = l , n n a
C. . u / .  = C S U M + A(  I . K  ) * B ( K . J  )
I O C  CON I I N U L
C (  I . J  >=CSUM 
2 0 0  CUNT  INUc.
3 0  'J CUNT I HUE
Hl t u r n
4 0 0  C O N T I N U E
WRl  I E I 6 . 6 0 L 0  >
6 0 0 0  F O R M A T !  1 H , i >X• ‘ M A T R I X  A AND O A R E  NOT  C O N F O R M A B L E  
R L I U R N  
END
S U t W O U T  I NI .  3  I MEO ( C . D . N . T T )
I M P L I C I T  N £ A L * 3 ( A - H . O - 2 . t )
C C = C O E F F I C I E N T  MA T R I X  OF  O R D E R  N ( S Q U A R E )
C O =  C O N S T A N T  V E C T O R
c r r  = soL ui i o n  m a i r i x  ( S o l u t i o n s  i n  f i r s t  c o l u m n )
D I M C N S  I ON C ( 6 , 6 ) . D ( 6 ) , C I ( 6 . 6 ) . T N ( 6 . 6 ) , T ( 6 . 6 ) . T T ( 6  
DO I t  1 = 1 . 6  
DO 10 J= 1.6










. 5 0 0








C I I  1 .  J  1 = 0 .  
c u n t  i n u e
G E N E R A T E  I P E N  T I T Y M A T R I X  C l
N P  = N ♦ 1
Oi l  I C C  1 = 1 .  NP  
C ( < 1 .  I' ) = 1 .
C a l i .  i .  t . n p . n P )
AG' . L MUL  I MO M A T R I X  T
Dl l  2 0 C  1 = 1 • N
CALI .  ME O< C  I . T N . N P . N P )
K=l ♦ 1
Oil  30 . 3  J = 2 . N P
T N ( K . J  > = - C <  I .  ( J -  1 ) > / C (  I .  T )
nil K.K 1=0 .
T N I K . 1  ) =  OI  I ) / C (  I .  I )
C A L L  M U L T ( T N . N P , N P . T . N P . N P . I T )
C A L L  M E O l T T , T . N P . N P )
CUNT I N U E
M U L T 1 P L I C A T  I O N S  ARE I T E R A T E D  TO 2 * * N N
N N = b
DU 4 0 0  K M = I , N N
C A L L  M U L T I T . N P . N P . T . N P , N P . T T )
U S I N G  A T O L E R A N C E  O F  1 . * 1 0 * 4 - 0 5  
S U M = C . 0
Liu S CO K 2 = 2 , N P
I F ( D A U S I T ( K 2 .  1 ) ) . L T . 1 . 0 - 3 0 ) 0 0  TO S OC  
S U M = S U M + D A e S ( ( T T ( K 2 , 1 ) - T ( K 2 . 1 ) ) / T ( K 2 « 1 ) >
C U N T I N U L
I F < S U M . L E . 1 . 0 - 1 0 ) GO TO 6 0 0  
C A L L  M f ' U L T T . T  . N P . N P )
c u n t  i n u e
C U N T I N U L
R E T U R N
END
S U U R U U T I N L  MAT I N V I  A . 3 . N . L  )
I M P L I C I T  R H A L 4 8 I  A - H . O - Z . *  1
I F  L =  3 R E T U R N S  I N V E R S E  O F  A I N  A ,  I F  L = 1  S O L U T I O N  OF A X = B  I N  B 
D I M L N S I O N  A ( 6 . 6 > . b ( 6 ) . I P ( 6 ) , I N ( 6 , 2 )
Oi l  I t  1 = 1 . 6  
I P C  I ) = C 
0=1 .
ITU 1 2  1 = 1 * N
A M A X = 0 .
0 0  .5 J = 1 . N
I F <  I P I J J . G T . C  ) GO TO 3  
I F <  I P ( J ) . L T . O )  GO TO 4  
DO 2  K = 1 . N
I F (  I P I K  > . L G . 1 ) GO TU 2  
I F !  I P I K  ) . G T • 1  ) GO TU 4 
I F ! O A O S l A ( J , K ) ) . L E . A M A X ) GO TO 2
1 R= J
I C = K
A M A X = n A H S < A ( J . K ) )
C U N I I N U E
C O N T I N U E
I P (  I C  ) = I P !  I C  ) F I
1 1 1 A M A X . G T . 1 . O - 6 0 1 G 0  T O 6
t f R I T E I G . b )
F O R M A T ( / I 6 M  S I N G U L A R  M A T R I X )
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1 7 5
r e t u r n
6  I F t I R . e O . I O G U  TO 8 *
D = - U
0 0  7 K ~ 1« N 
AMA X =  A t I R . K )
A t  I I ! , K )  =  A(  I C . K )
7  A t I C . K ) = A M A X  
I F t L . C O . O > G O  TO 8  
A M A X = U ( 1 R )
nt  i r j =m  t o
f i t  I C I =AMrtX
a t.Mt i . i ) = iH
1 .-ill 1 . 0 =  IC 
A M A X = A l I C . I C )
o = o * a m a x
At  I C .  1 C ) =  I .
Ui )  -V K = l . N  
•i A t  t C . K  ) = A(  I C . K )  /  AM A X 
I !-' ( I. .  L (J.  0  ) GCJ TO 1 0  
f i t  I C  > = 8 1  I C  ) / A MA X
i c  o u  1 2  j =  i .  n
I F t J . L O . I C ) GO TO 1 2  
A M A X = A t J . I C )
A t  J . I C  ) = 0 .
0 . 1  I I  K = I . N
1 1  A t J . K ) = A ( J . K ) - A <  I C . K ) * A M A X  
I F ( L . L O . O ) G O  TO 1 2
B t  J > = u l J ) - S (  I C  > * AMAX
1 2  C O N T I N U E  
I l t L . L O . 1 ) RE TURN 
OO 1 M I = 1 . N 
J = N H - I
I F t I N t J . 1 ) . E O . l N t J . 2 ) ) G O  TO 1 4  
1 R =  t N t  J .  1 )
I C = I N t  J . 2 )
DO 1.1 K = l . N  
A M A X = A t K . I R )
A t K . I R ) = A t K * I C )
1 3  A t K .  I C  ) = AMAX
1 4  C O N I I N U E  
R E T U R N  
End
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
VITA
Name: Donald Stephen Clark
Born: November 29, 1949, a t  New O rlean s ,  L o u is ia n a .
M a r ita l  S ta tu s :  S in g le
Formal Education:
B . S . ,  1972, L o u is ia n a  S ta te  U n iv e r s i t y .  Major: B iochem istry ;  
Minor: C hem istry.
Ph. D . ,  1976, L o u is ia n a  S ta te  U n iv e r s i t y .  Major: B ioch em istry ;
Minor: P h y s ic a l  C hem istry. D i s s e r t a t i o n  t i t l e :
"Conform ational P r o p e r t ie s  o f  P o ly p e p t id e s :  H e l ix -
C o i l  T r a n s i t io n ,  and the  C onform ational and Hydrodynamic 
P r o p e r t ie s  o f  Poly  (gam m a-hydroxy-L -proline),"  
su p e r v ise d  by P r o fe s so r  W. L. M a t t ic e .
P u b l i c a t i o n s :
1. "Conform ational P r o p e r t ie s  o f  P o ly  (y -h y d r o x y -L -p r o lin e )
Based on R ig id  and F l e x ib le  P y r r o l id in e  R in gs ,"  T. Ooi, 
D.S.  C lark , and W.L. M a t t ic e ,  M acrom olecules, 7_,
337 (1 9 7 4 ) .
2 .  "On th e  Nature o f  I n t e r a c t io n  o f  D oedecy l S u l f a t e  w ith
P r o t e in g s .  E vidence from Uncharged P o ly p e p t id e s ,"
D. K. Igou , J .  T. Lo, D. S.  C lark , W. L. M a t t ic e ,  and
E. S. Youathan, B ioch em istry  B io p h y s ic s  Research  
Communications, 60 , 140 (1 9 7 4 ) .
3 .  "Conform ational P r o p e r t ie s  o f  the  Complexes Formed
by P r o te in s  and Sodium Dodecyl S u l f a t e , "  W. L.
M a t t ic e ,  J .  M. R is e r ,  and D. S . C lark , subm itted  
to  B io ch em istry  fo r  p u b l ic a t io n .
4 .  "Hydrodynamic P r o p e r t ie s  o f  P o ly  (Y -hyd roxy-L -p ro lin e)
in  Aqueous S o lu t io n s ,"  D. S.  C lark and W.L. M a tt ic e ,
(1976) ACS N a t io n a l  M eeting .
176
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
EXAMINATION AND THESIS REPORT
Candidate: Donald Stephen Clark
Major Field: B ioch em istry
Title of Thesis: C onform ational P r o p e r t ie s  o f  P o ly p e p t id e s :  H e l ix - C o i l  T r a n s i t io n ,
and th e  C onform ational and Hydrodynamic P r o p e r t ie s  o f  P o ly  (gamma- 
H ydroxy-L -P rolin e)
Approved:
/  Major Professor and Chairman
Dean of the Graduate/school
EXAMINING COMMITTEE:
^ ----------  n  u  c  c. < ' - - t -
Jj- f-
r









R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
